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ثبىزؼضٝض ٍِ أجو اىذص٘ه ػيٚ رؼذ اىَ٘اد اىَشمجخ أدذ إٌٔ اىَ٘اد اىْٖذسٞخ ٗاىزٜ رصْغ إٍب ػيٚ غشٝقخ اىَصف٘فبد أٗ 
 ٍ٘اصفبد فبئقخ اىف٘ح ػيٚ اىَسز٘ٛ اىَزْبٕٜ فٜ اىصغش ىٌ ثنِ ثبلإٍنبُ اىذص٘ه ػيٞٔ ثإرخذاً مو ٍبدح ٍْفصيخ ػيٚ دذا.
اىصلاثخ ٗخفخ اى٘صُ ٗاىَقبٍٗخ ىيزفبػلاد اىنَٞٞبئٞخ ثبلإظبفخ إىٚ ق٘ح اىزذَو ىيق٘ٙ اىَزغٞشح دزٚ ػيٚ اىَذٙ اىجؼٞذ ٝجؼو ٍِ 
زٓ اىَ٘اد ٍذو جزة ّظشا ىيَ٘اصفبد فبئقخ اىزَٞض ٍقبسّخ ثغٞشٕب ٍِ اىَ٘اد. رَزَيل  ٍصف٘فبد اىَؼبدُ اىَشمجخ خصبئص ٕ
ٍٞنبّٞنٞخ ٗفٞضٝبئٞخ ٍزَٞضح ٗمزىل ٍؼذُ الأىًَّ٘ٞ٘ اىَشمت أصجخ ٍذو إٕزَبً ثبىغ خص٘صب فٜ اىقطبع اىصْبػٜ ٍثو صبػخ 
 ٍشمجبد اىفعبء ٗٗسبئو اىْقو اىَخزيفخ.
 )sTNC( sebutonan nobraCاىٖذف ٍِ ٕزا اىَششٗع اىجذثٜ ٕ٘ رذسِٞ رصْٞغ ٍشمت ٍؼذُ الأىًَّ٘ٞ٘ ٍِ خلاه إظبفخ 
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س ٗرذيٞو اىْزبئج رٌ إخزجب.فٞٔ مو رىل ٍِ أجو دساسخ أثش ملا ٍِ اىفزشح اىضٍْٞخ فٜ ػَيٞخ اىطذِ ٗر٘صٝغ اىَبدح اىَعبفخ
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-X ,)SDE(ypocsortcepS evisrepsiD ygrenE ,)MESEF( epocsorciM nortcelE gninnacS noissimE dleiF
 )ASP(sesylanA eziS elcitraP dna )DRX(noitcarffiD yaR-X ,gnippaM yaR
ثنَٞبد مجٞشح فٜ ملا اىَؼذِّٞ ٝسبػذ فٜ رذسِٞ ثْبء اىج٘دسح اىْبرجخ   sTNC dna pCiSاىْزبئج أظٖشد أُ إظبفخ ملا ٍِ  
ٗمأُ ٕزٓ اىَ٘اد اىَؼضصح رؼَو مؼبٍو صْفشح داخو اىَبدح الأسبسٞخ. مزىل اىز٘صٝغ اىجٞذ ىجسَٞبد اىَبدح اىَؼضصح شٕ٘ذد ٍِ 
ش الإىنزشّٜٗ  ٗىٞس ْٕبك رجبِٝ رشمٞجٜ ٍِ خلاه ٍب شٕ٘ذ ث٘اسطخ ). ْٕبك دسجخ ٍِ اىزجَغ ثغط اىْظش ػِ أثش خلاه اىَجٖ
ٍِٗ خلاه الأشؼخ اىسْٞٞخ رٌ ٍشبٕذح اىْقصبُ فٜ اىذجٌ اىجي٘سٛ ٗصٝبدح فٜ  sTNCٍبدح إثٞو اىنذ٘ه اىَعبفخ خلاه غذِ 
 اىَؼضصح ثسجت اىزش٘ٓ اىجلاسزٞنٜ اىنجٞش. الإّفؼبه اىذاخيٜ ميَب صادد اىْسجخ اى٘صّٞخ ىيَ٘اد
ثْست  CiS) ه 115, 150, 110ػْذ دسجبد دشاسح ٍخزيفخ ( SPSرٌ دٍجٌٖ ثْجبح ٍِ خلاه  sTNC/lAٗ  CiS/lAّسجخ  
سبػبد ػيٚ اىز٘اىٜ. رٌ اى٘ص٘ه إىٚ أُ  0سبػخ ٗ 12) ٗ اىنشثُ٘ ّبّ٘ رٞ٘ة غذْذ ىَذح 5,121222025ٗصّٞخ ٍخزيفخ (
     % ىيَ٘اد اىَؼضصح  98دسجخ ٍئ٘ٝخ ٕٜ أفعو دسجخ دشاسح ّظشا لإٍنبّٞخ رنثٞف اىَبدح إىٚ  115اىزسخِٞ إىٚ 
 ْٕبك إّخفبض قيٞو فٜ اىصلاثخ. CiS% ٍِ اه 12% ىيَ٘رذ غٞش اىَؼضصح . ػْذ إظبفخ 110ٗCiS
دسجخ ٍئ٘ٝخ. فقَٞخ اىصلاثخ  115% ٍِ اىنثبفخ ػْذ 110فزٌ اىذص٘ه ػيٚ  sTNCمزىل اىصلاثخ ٗاىنثبفخ فٜ صٝبدح ػْذ إظبفخ 
  .ّسجخ ٗصّٞخ 5.0إىٚ  1ػْذ إظبفخ اىنبسثُ٘ ثْسجخ ٍبثِٞ  29إىٚ  98صادد ٍِ 
 sTNCٗ  pCiSٍئ٘ٝخ ٗأػيٚ ٝؼزجش ٕ٘ اىخٞبس الأّست ٗالأفعو مزىل إسزخذاً  115خزبٍب اىزسخِٞ ىنلا اىَؼذِّٞ ػْذ دسجخ 
رظٖش  iSبىْسجخ ىيَؼبدُ الأىًَّ٘ٞ٘ اىزٜ رذز٘ٛ ػيٚ ّسجخ أػيٚ ٍِ مَ٘اد ٍؼضصح رذسِ ثشنو ٍيذ٘ظ صلاثخ اىَبدح مزىل ث
 .صلاثخ أػيٚ ػْذ ّفس اىَؼضص ٗػ٘اٍو اىزسخِٞ
 درجة الماجستير
هد للبترول والمعادن، المملكة العربية السعىديةجامعة الملك ف
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Chapter 1                                                                                                         
INTRODUCTION 
1.1 General Introduction 
Aluminum alloys are widely used for production of high strength and light weight 
components. The high strength, high durability, better formability, weldability, resistance 
to oxidation and corrosion make these materials versatile and could have many 
applications, such as; in the area of structural materials, aerospace, automotive and 
petrochemical industries, etc [1-2]. However, as number of aluminum alloys are heat 
treatable and among them Al-Si-Mg alloys (such as; work hardening, grain size 
hardening and precipitations hardening) forming precipitate such as; Mg2Si, Al3Mg2 are 
most suitable candidates to achieve above properties as well as applications and shows 
exceptional properties [3-7]. These properties led to the application of Al-Si alloys in the 
automotive industry, especially for cylinder blocks, cylinder heads, pistons, and valve 
lifters [8, 9]. An addition of Mg to Al-Si alloys enhances their properties of the system 
and such a system is designated as A356 aluminum alloy family[10]. 
Metal-matrix composites (MMCs) have continued to receive considerable attention from 
researchers due to their excellent physical and mechanical properties [11-13]. Much 
interest on aluminum composites is significantly growing due to their enhanced material 
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properties, such as; wear resistance, creep resistance, specific strength and specific 
modulus compared to pure metal matrix.  
Conventional powder metallurgy (PM) is a widely used technique for synthesizing metal 
matrix composites with uniform distribution of reinforcing agent consequently improving 
the structural and mechanical properties [14]. This technique involves the mixing of the 
powders and the reinforcing particles after which compacting and sintering are 
performed. Reports in literature on PM on aluminum matrix composites have shown 
superb mechanical properties when compared with those from other alternative 
manufacturing processes and monolithic aluminum systems. 
1.2 Carbon Nanotubes (CNTs) Reinforcement  
To enhance the strength of Al-based alloys and their properties, CNTs [15-17] have 
received considerable attention over the past 20 years as they possess remarkable 
properties [18]. High CNTs conductivity and high length to radius (diameter) ratio 
(aspect ratio) makes them exceptional in composites, these properties attracted interest in 
low weight composites for structural applications. From mechanical property point of 
view, SWNTs have the highest Young‘s modulus [19,20] if normalized to their diameters 
though literature suggested there are limits to the use of SWNTs which gives room for 
the use of MWNTs which have stronger bonds between host material and the CNTs.  
A study by Esawi et al. [21] showed the effect of the morphology and diameter of CNTs 
in processing Al/CNT composites, they concluded that the smaller the diameter bent and 
entangled the more difficult to disperse as compared with larger straight and stiff CNTs 
[22]. Generally, CNTs reveal poor dispersion into the metal matrix which is attributable 
to the strong agglomeration of CNTs in the powder resulting in weak interface between 
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CNTs and metal matrix. Studies show promising dispersion of the CNTs in the matrix 
using ball milling at different milling conditions [23-28] and surface treatment of the 
CNTs [29-32]. Other studies have shown good dispersion of the CNTs by adopting 
nonconventional way of synthesizing composites either molecular-level mixing or 
modify the surface of the CNTs or introducing liquid state process and synthesis CNTs 
on the matrix materials [33-35].  
1.3 Silicon Carbide (SiC) Reinforcement 
To further augment the strength of Al-based alloys and improve their thermal stability, it 
was commonly practiced to reinforce Al-6061 [36], Al-7075 [37] and pure Al [38,39] 
with SiC particulates. Besides its density being slightly higher than that of aluminum, SiC 
is primarily used because of its low cost and wide range of available grades. It promotes 
an increase in the Young‘s modulus and tensile strength of the composite materials. 
Another interesting advantage of SiC reinforcement is the possible increase in the wear 
resistance. The improved mechanical properties of particulate SiCp/Al are thought to be a 
result of a transfer of shear load at the matrix/reinforcement interface. Nevertheless, 
while the yield and ultimate strength of the matrix improve with increasing the 
concentration of micro-ceramic particles, the ductility of the composites significantly 
deteriorates at higher concentrations. The use of nano-sized ceramic particles to 
strengthen the matrix might help in retaining some ductility. 
Yong Yang et al.,[40] reported that yield strength of Al-alloy fabricated by an ultrasonic-
assisted casting method was improved more than 50% with the addition of 2.0 wt % of 
nano-sized SiC particles. This result is significantly better than what aluminum alloy with 
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the same percentage of micro-particle reinforcement can offer, with little change in the 
elongation. In another study by K. D. Woo et al., [41], SiC reinforced Al–7Si–0.4Mg 
composite powders were synthesized by ball milling, giving an increase in the sintering 
rate of the composite powder due to increased diffusion rate. The microstructure of the 
sintered specimen obtained using the milled composite powder was finer than that of the 
sintered specimen obtained from simple mixing. A further study by A. Simchi et al., [42] 
investigated the effect of SiC particles on the laser sintering of Al-7Si-0.3Mg alloy. It 
was shown that densification rate follows first-order kinetics and the rate constant was 
found to increase with low SiC fractions. 
1.4 Sintering  
In sintering, densification and average grain size increases as a result of the thermal 
energy applied to the powder compact. Generally, between 0.1 and 100 µm is the range 
of size of powder used for sintering. Sinterability and the sintered microstructure of a 
powder compact are dependent on two important variables i.e. material and process 
variables, and the sintering equations are governed by these variables [43]. Sintering 
atmosphere affects sintering mechanism in addition to impurity/reinforcing content and 
composition. High gas transportation rates and pore structure, grain structure, impurity 
content, kinetics and surface structures are major changes caused by sintering 
atmosphere. Therefore, determination of atmospheres that are most effective for control 
of impurity is necessary. However, consolidation of powders through isostatic technique 
is a feasible technique for composite materials which are intricate or costly to fabricate by 
other methods [44]. 
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Non-conventional sintering techniques such as spark plasma (SPS) and microwave (µW) 
are novel techniques and the basic difference between them and conventional ones is the 
heating mechanism, In conventional sintering, heat is generated and transferred to the 
material through conduction, convection and radiation while in non-conventional 
sintering, either the material themselves absorb microwave energy and then transform 
them into heat within their bodies or employs an electrical discharge combined with 
resistance heating and pressure for sintering (SPS) [45].  Spark plasma sintering has 
numerous advantages over the conventional ones like very rapid heating and cooling 
rates, shortened sintering times, better microstructure, higher densification as well as 
improved mechanical properties. These non-conventional methods have made it possible 
for the processing of advanced materials. 
Conventional sintering techniques (cold isostatic pressing (CIPing) or hot isostatic 
pressing (HIPing)) are done at room or high temperatures while using liquid and gas in 
CIPing and HIPing respectively as the medium of transmission of pressure [46]. In 
CIPing, the powder is converted from a loose aggregate into a partially-dense compact 
that has enough green strength to permit cautious handling and transfer to the following 
process operation. HIPing is required when full or considerable consolidation of 
composite powders are needed and CIPing may be involved at a preliminary processing 
stage, since HIPing commence with pressurization of the HIP unit while it is still 
comparatively cold. However, HIPing is characterized as a low heating sintering 
technique [47]. Chunfeng Deng et al. [48], Jin-zhi Liao et al. [49] and A.M.K. Esawi et 
al. [50] used the conventional sintering technique to consolidate Al-CNT matrix and 
reported significant increase in tensile strength and stiffness as well as good dispersion of 
6 
  
 
 
the CNTs after ball milling. J. K. Rana et al. [51], Hansang Kwon et al. [52] and 
Kawasaki, Akira et al. [53] investigated the effects of non-conventional sintering 
techniques on Al-CNT system and reported increase in hardness, stiffness as well as finer 
microstructure. 
1.5 Aims/Objectives 
 To develop an optimum processing route to produce both CNTs and SiC 
reinforced Al-7Si-0.3Mg and Al-12Si-0.3Mg nanocomposite powders by 
mechanical alloying/milling technique in which these strengthening agents are 
uniformly distributed within the composite powder. 
 To consolidate/sinter both monolithic alloys and the developed nanocomposite 
powders using non-conventional sintering method i.e. spark plasma to produce 
bulk samples- allowing a comparative analyses. 
 To gain an understanding of the mechanism/kinetics of these processes by 
carrying out a thorough characterization of the monolithic alloys and the 
developed nanocomposites using FESEM/EDS, Mapping, XRD, PSA, Optical 
microscopy and densimeter. 
 To comparatively study the Al-based alloys (Al-7Si-0.3Mg and Al-12Si-0.3Mg) 
to determine the effect of silicon percentage (the 5% difference) in both alloys 
with the incorporation of two different reinforcements (Silicon carbide (SiC) and 
Carbon nanotubes (CNTs). 
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Chapter 2                                                                                                       
LITERATURE REVIEW 
2.1 Background and History of Mechanical Alloying 
Mechanical alloying is a technique used for the production of homogeneous materials 
starting from blended elemental powder. The technique was first developed in 1966 by 
John Benjamin and his colleagues at the Paul D. Merica Research Laboratory of the 
International Nickel Company (INCO). This technique was a result of nickel based super 
alloys for gas turbine application. The idea was to combine the high temperature strength 
of the dispersed oxides with the intermediate temperature strength of the gamma prime 
precipitates, while taking into account the required corrosion and oxidation resistance 
[54-56].  
This process by Benjamin was referred to as ―milling/mixing‖. Mr. Ewan C. Mac Queen, 
a patent attorney for INCO coined the term mechanical alloying to describe the process in 
the first patent application, and this term has now come to stay in the literature. 
Mechanical alloying is normally a dry, high-energy ball milling technique used to 
produce commercially and scientifically important materials [56]. However, it was not 
widely acknowledged that the milling process was a true alloying process until in the 
early 1980s, Koch et al. published a landmark paper which, for the first time, 
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demonstrated that mechanical milling can facilitate true alloying, and the outcome of the 
alloying can be a metastable material such as an amorphous alloy. In the study, they 
milled a mixture of Ni and Nb powders, and found that over time the powder became an 
amorphous Ni–Nb alloy powder. This means that true alloying does occur during milling. 
This discovery raised the understanding of mechanical milling as a materials processing 
to a new level. Since publishing Koch et al.‘s work, the term, ‗‗Mechanical Alloying‘‘ 
has been widely accepted and used.  
Also in the paper published by C. Suryanarayana [56], he summarized the important 
milestones in the development of mechanical alloying which is tabulated below  
 
Table 2.1 Shows the Important Milestones in the Development of MA Over the Years 
[56]. 
1966 ODS nickel-base alloys development 
1981 Amorphization of intermetallics 
1982 Disordering of ordered compounds 
1983 Amorphization of blended elemental powder mixtures 
1987/88 Synthesis of nanocrystalline phases 
1989 Occurrence of displacement reactions 
1989 Synthesis of quasicrystalline phase 
 
MA is a process targeted for industry from inception and its gaining popularity now after 
the understanding of the basics and mechanisms involved which resulted in several 
reviews and conference proceedings. C. Suryanarayana, reviewed the present status of 
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MA and milling from 1970-1994 in his publication ‗bibliography of MA and milling‘. 
The figure below shows the growth of publication in the field of MA. 
 
 
Figure 2.1 Growth of publications in the area of MA during 1970-1994 [56]. 
 
2.2 Definitions  
2.2.1 Mechanical Alloying (MA) 
MA has been defined by C. Suryanarayana [56] as is a solid-state powder processing 
technique involving repeated welding, fracturing, and rewelding of powder particles in a 
high-energy ball mill and involves material transfer to obtain a homogeneous alloy. 
Another definition by S. Scudino et al., [57] is that MA as ball milling of powders with 
different compositions (mixture of elemental powders as well as of intermetallic 
compounds), in which material transfer and solid state inter diffusion reaction occurs. 
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Another by D.L. Zhang [58] defined MA as a process which is customarily used in 
powder metallurgy and mineral processing used for blending powders or crushing rocks. 
Again by A Calka and A.P Radlinski [59] defined MA as a complex process of 
deformation, fragmentation, cold welding, and micro-diffusion, occurring within a thin 
layer of powder between the two colliding surfaces during impact. 
2.2.2 Mechanical Milling (MM) 
Suryanarayana, [56] defined MM as milling of uniform (often stoichiometric) 
composition powders, such as pure metals, intermetallics, or prealloyed powders, where 
material transfer is not required for homogenization. S. Scudino et al., [57] said MM is 
ball milling of single composition powders, such as single-phase compounds, where 
material transfer is not required and further showed that MM has advantage over MA in 
that since the powders are already alloyed and only a reduction in particle size and/or 
phase transformations need to be induced mechanically, the time required for processing 
is generally shorter than that for MA.  
2.2.3 Mechanical Disordering (MD) 
MD is the destruction of long-range order in intermetallics to produce either a disordered 
intermetallic or an amorphous phase. 
2.2.4 Reaction Milling 
It is an MA process accompanied by solid state reaction; in this process the powder is 
milled without the aid of any process control agent (see later for its function during 
milling) to produce fine dispersions of oxides and carbides in aluminum. 
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2.2.5 Cryomilling 
It is a process in which the milling operation is carried out at cryogenic (very low) 
temperatures and/or milling of materials is done in cryogenic media such as liquid 
nitrogen. 
2.2.6 Mechanically Activated Annealing  
Is a process that combines short mechanical alloying duration with a low-temperature 
isothermal annealing. The combination of these two steps has been found to be effective 
in producing different refractory materials such as silicides. 
2.2.7 Double Mechanical Milling (DMA) 
In this milling process 2 stages are involved. First, the powder sizes are refined and 
distributed uniformly as an intimate mixture which is heat treated at elevated 
temperatures during which intermetallic phases are formed. The second stage involves 
the refining of the heat treated powder through milling again while reducing the grain 
size of the matrix. 
2.2.8 Mechanically Activated Self-Propagating High-Temperature Synthesis 
(MASHS) 
Is a process based on a combination of mechanical alloying (MA) and self-propagating 
high-temperature synthesis (SHS).In this process the powder mixture is mechanically 
alloyed to produce a nanocrystalline structure and then the SHS reaction is initiated by 
pressing the powder into a pellet and igniting it in a furnace. 
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2.3 Preparation for Mechanical Alloying 
2.3.1 Mechanical Alloying Process 
The MA/MM process is a solid state powder process where the powder particles are 
subjected to high energetic impact by the ball in a vial. As the powder in the vial are 
impacted continuously by the balls, cold welding between particles and fracturing of the 
particles takes place during the process. The entire process includes blending of the 
powder mixture prior to the ball milling, vacuuming and/or filling with protective gasses 
to prevent oxidation and contamination and the ball milling process itself [60]. The 
powder milled is then consolidated into a shape and heat treated to obtain the desired 
microstructure and properties taking into account the raw materials, the mill and the 
process variables. 
2.3.2 Raw Materials  
The raw materials used for MA are widely available commercially pure powders that 
have particle sizes in the range of 1-200 µm. The powder particle size should be smaller 
than the grinding ball size though it is not critical. This is because the powder particle 
size decreases exponentially with time and reaches a small value of a few microns only 
after a few minutes of milling. Pure metals, master alloys, prealloyed powders, and 
refractory compounds are the board class of the powder. Dispersion strengthened 
materials usually contain additions of carbides, nitrides, and oxides. Oxides are the most 
common and these alloys are known as oxide-dispersion strengthened (ODS) materials 
[56]. Alloy formation has been satisfactorily made by mixing fully brittle materials in 
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recent years. Also ductile-ductile, ductile-brittle, and brittle-brittle powder mixtures are 
milled to produce novel alloys. Mixtures of solid powder particles and liquids have also 
been milled in recent times. 
2.3.3 Types of Mills 
There are different types of milling equipment used to produce mechanically alloyed 
powders. These equipment differ in their capacity, efficiency of milling and additional 
arrangements for cooling, heating, etc. Below are the different types of mills used for MA 
 SPEX shaker mills,  
 Planetary ball mills, example; the work done by A. Calka and A.P Radhinski [59] 
where they used planar type mill to illustrate the concept of milling device.  
 Attritor mills 
 Commercial mills 
                  
 
2.3.4 Process Variables 
MA is a process that involves a lot of processes and has complexities and for 
optimization of the desired product and/or microstructure, certain process parameters 
Figure 2.2 Schematic diagram of 
ball-milling device with 
controlled ball movement 1: 
rotating 2: balls 3: magnets [59]. 
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must be put into consideration. The final powder is affected by the following important 
parameters. 
 Type of mill; the mills are of different types and differ in their capabilities, speed 
and ability to control the operation. A suitable mill can be selected depending on 
the powder type, quantity and final constitution required. Example the SPEX 
shaker mills are used for alloy screening purposes, planetary ball mills or the 
attritors are used to produce large quantities of the milled powder etc.  
 Milling container; the milling container material is important due to the impact 
of the grinding medium on the walls of the container.  Suryanarayana, [56] stated 
if the material of the grinding vessel is different from that of the powder, then the 
powder may be contaminated with the grinding vessel material. On the other 
hand, if the two materials are the same, then the chemistry may be altered unless 
proper precautions are taken to compensate for the additional amount of the 
element incorporated into the powder. Milling containers are also grinding 
vessels, vial, jar or bowl.  
 Milling speed; the faster the speed the higher the energy input into the powder 
and there are certain limitations to the maximum speed that can be employed. An 
example is in a conventional ball mill, increasing the speed of rotation will 
increase the ball speed and at above the critical speed, the balls are pinned to the 
walls of the vial and do not fall down for impact force to be applied, therefore, a 
maximum speed just below the critical speed is recommended for the balls to fall 
down. Again, at maximum speed temperature of the vial will be high which can 
be advantageous when homogenization is desired through diffusion at the same it 
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can be disadvantageous in the sense that high temperature can contaminate the 
powder. 
 Milling time; this is the most important parameter which is selected to achieve 
steady state between the fracturing and cold welding of powder. The time also 
depends on other factors such as ball-to-powder ratio, temperature, type of mill 
etc. if the powder is milled for time longer than required then contamination 
increases and unwanted phases form. 
 Type, size, and size distribution of the grinding medium; Hardened steel, tool 
steel, hardened chromium steel, tempered steel, stainless steel, WC-Co, and 
bearing steel are the most common types of materials used for the grinding 
medium. The density of the grinding medium should be high enough so that the 
balls create enough impact force on the powder. The size of the grinding medium 
also has an impact on the milling efficiency. A large size (and high density) of the 
grinding medium is useful since the larger weight of the balls will transfer more 
impact energy to the powder particles and reports have shown the dependence of 
final powder constitution on size of grinding medium. 
 Ball-to-powder weight ratio (BPR); this is sometimes called charge ratio (CR) 
and it is an important parameter especially on the time of milling, the higher the 
ratio the shorter the milling time. We have different values of ratio as low as 1:1 
to as high as 250:1 but 10:1 is the most commonly used ratio. Example of the 
effect of BPR on milling time is the formation of an amorphous phase was 
achieved in a Ti-33at%Al powder mixture milled in a SPEX mill in 7 h at a BPR 
of 10:1, in 2 h at a BPR of 50:1 and in 1 h at a BPR of 100:1 [56]. 
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 Extent of filling the vial; alloying of powder particles involves impact forces 
exerted on them, it is necessary that there is enough space for the balls and the 
powder particles to move around freely in the milling container. Therefore extent 
of filling of powder and balls is an important factor in alloying of powder 
particles. Care has to be taken not to overfill the vial; generally about 50% of the 
vial space is left empty 
 Milling atmosphere; milling atmosphere has a major effect on contamination of 
the powder. Therefore, the powders are milled in containers that have been either 
evacuated or filled with an inert gas such as argon or helium. Nitrogen is only 
used when nitrides are desired because it has been found that Nitrogen reacts with 
metal powders and cannot be used to prevent contamination during milling. High-
purity argon is the most common ambient to prevent oxidation and/or 
contamination of the powder. 
 Process control agent (PCA); A process control agent (PCA) (also referred to as 
lubricant or surfactant) is added to the powder mixture during milling to reduce 
the effect of cold welding. For powder particles to be truly alloyed, a balance is 
maintained between cold welding and fracturing of particles. The PCAs can be 
solids, liquids, or gases. They are mostly, but not necessarily, organic compounds, 
which act as surface-active agents. The PCA adsorbs on the surface of the powder 
particles and minimizes cold welding between powder particles and thereby 
inhibits agglomeration. A wide range of PCAs has been used in practice at a level 
of about 1-5 wt% of the total powder charge. The most important of the PCAs 
include Stearic acid, hexane, methanol, and ethanol. The nature and quantity of 
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the PCA used and the type of powder milled would determine the final size, 
shape, and purity of the powder particles. Use of a larger quantity of the PCA 
normally reduces the particle size by 2-3 orders of magnitude. 
 Temperature of milling; the temperature of milling is another important 
parameter in deciding the constitution of the milled powder. Since diffusion 
processes are involved in the formation of alloy phases irrespective of whether the 
final product phase is a solid solution, intermetallic, nanostructure, or an 
amorphous phase, it is expected that the temperature of milling will have a 
significant effect in any alloy system. Only a few investigations where done in the 
verifying the effect of temperature of milling. Either dripping liquid nitrogen on 
the milling container to lower the temperature or electrically heating the milling 
vial to increase the temperature of milling. 
All these process variables are not completely independent. For example, the optimum 
milling time depends on the type of mill, size of the grinding medium, temperature of 
milling, ball-to-powder ratio, etc. [56]. 
2.3.5 Problems of Mechanical Alloying 
With all the numerous advantages and simplicity associated with MA techniques, 
problems are also associated with the technique; these can be discussed under three 
groups viz.; powder contamination, limited knowledge and limited applications. 
 Powder contamination 
During MA powder contamination is a major concern and a lot of factors contribute to 
this unwanted phenomenon, some of these are; 
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 Condition of milling (grinding medium, grinding vessel, time of milling, intensity 
of milling, etc) 
 Atmosphere been milled 
 The small size of the powder particles, availability of large surface area, and 
formation of new surfaces during milling. 
These conditions that contribute to the powder contamination level can be 
eliminated/mitigated using some suggested methods like 
 Use of balls and container of the same material that is being milled 
 Use of high-purity atmosphere 
 Shortest milling times allowed 
 Use of high-purity metals 
 Self-coating of the balls with the milled material [56]. 
 
 Limited science content  
The knowledge base for MA is poor despite the technique is efficient and useful; one is 
not very clear on how and why the process works. The reason is because of the complex 
stochastic process and the number of variables involved is too many e.g. ball-to-powder 
weight ratio; milling atmosphere; purity, size, shape, and hardness of the powder 
particles; milling time; milling temperature; and type and amount of the PCA. Modeling 
the process of MA has been done and only limited success was achieved. For example, it 
has been possible to establish a relation between the experimentally observed phase 
formation and some of the process variables. But, it has not been possible to predict the 
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final chemical constitution (type and description of phases) for a given set of milling 
conditions [56]. 
 Limited application 
MA is simple and achievable but has only limited industrial application and the most 
important is the ODS materials. Potential applications have been suggested, many of 
them have not been industrial realities. Identification of some niche applications for the 
MA products is likely to accelerate the rate of growth in this field. 
2.3.6 Safety hazards in Mechanical Alloying (MA) 
There are hazards associated with MA process; this is due to the fine size of the powders 
and other factors. These include heat evolution, reaction rates, gas evolution causing 
pressure build-up in the milling chamber or ancillary equipment, and finally explosions. 
During milling operations temperature increases caused by the energy added through the 
mechanical system used to drive the mill, and heat generated by exothermic processes 
occurring during the milling process and if the critical temperature is exceeded 
uncontrolled reactions can occur and can lead to explosions. This heat generated can 
increase the reaction rates of the system. Gases may also be produced during milling due 
to the decomposition of PCAs or due to the reactions between the components. Some of 
the gases produced may be flammable and so the potential for fire or explosion exists. 
Handling of MA powders also has some safety hazards; this is because these powders are 
very fine in size and have a large surface area. Such powders have an increased tendency 
toward pyrophoricity [56]. The cleaner and fresh powder surfaces produced during MA 
accentuate their sensitivity to pyrophoricity. Some precautionary motives are highly 
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recommended during MA such as; care should be taken during unloading of the powders 
after MA, the vial should not be immediately opened as these powders are hot. 
2.4 Mechanism of Alloying 
During milling, powder particles are repeatedly flattened, cold welded, fractured and 
rewelded. Powder is trapped when balls collide; around 1000 particles with an aggregate 
weight of about 0.2 mg are trapped during each collision as depicted in the figure below.  
 
Figure 2.3 Ball-powder-ball collision of powder mixture during mechanical alloying [56]. 
The impact force plastically deforms the powder particles leading to work hardening and 
fracture. With continued deformation, the particles get work hardened and fracture by a 
fatigue failure mechanism and/or by the fragmentation of fragile flakes. Fragments 
generated by this mechanism may continue to reduce in size in the absence of strong 
agglomerating forces. Here fracture predominates over cold welding. The structure of the 
particles is steadily refined and the size of the particles remains the same.  
21 
  
 
 
 
Figure 2.4 Refinement of particle and grain sizes with milling time. Rate of refinement 
increases with higher milling energy, ball-to-powder weight ratio, lower temperature, etc 
[56]. 
Nanostructured materials can be synthesized easily which is why MA has been widely 
used for nanocrystalline materials production. MA can be conducted in 3 different 
combinations of metals and alloys namely; Ductile-ductile, ductile-brittle and brittle-
brittle. 
2.5 Application of Mechanical Alloying 
Since the development of MA, it has been used in a wide variety of applications which 
are highlighted below 
 The most important application of MA is the production of ODS alloys which 
have complex compositions and show higher creep resistance and greater stability 
than conventional alloys [60]. Typical ODS alloys mainly used are based on 
nickel, iron and aluminum e.g. MA754, MA957, MA956, MA6000 etc. 
 MA  is used for the production of Nanostructured materials/composites for 
example AL-based nanocomposite, typical work done by N. Al-Aqeeli et al., [61] 
where they development a new Al-Mg-Zr nanocomposite by MA by mixing Al 
based binary Al-Mg and ternary Al-Mg-Zr powders. 
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 Super alloys can be produced through MA technique, paper by Benjamin et al. 
where a super alloy was produced for jet engine blades in which the very high 
strength of cast nickel-base superalloys at moderate temperatures. 
 MA technique can also be used for the production of PVD (physical vapor 
deposition) which are targets for electronic industry; this is because chemically 
homogenous products are easily produced by MA than conventional means. 
 Another interesting application of MA is the use of its products in MRE (Meal, 
Ready-to-Eat) in heaters which have been used during desert storm operation by 
USA in 1996 Heat is produced when Mg and Fe powders which are finely ground 
by MA are in contact with water. 
 MA technique is most appreciated for the highly homogeneous product without 
any segregation effects. 
 Hydrogen storage can be done from Mg-based materials produced by MA 
technique. 
 
Figure 2.5 Typical current and potential applications of mechanically alloyed products 
[56]. 
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Conclusively mechanically alloyed materials generally show higher mechanical 
properties than those fabricated by conventional means. For example in comparing the 
mechanically alloyed Al-5Fe-4Mn and rapidly solidified Al-5Fe-4Mn alloy, it was found 
that their tensile properties at room temperature were almost the same, however when 
heating temperature is above 423K, MA alloy shows a clear advantage in its remarkable 
temperature resistance at 573K, the material is 90MPa higher than that of the rapid 
solidified counterpart [60].  
Powder contamination is a major concern in milling and formation of amorphous phases 
were discovered due to the presence of considerable amounts of impurities. Similar radial 
distribution functions and crystallization temperatures were found during the amorphous 
phases synthesized by MA and RSP techniques.  
2.6 Aluminum and Its Alloys 
2.6.1 General Introduction and Properties of Aluminum  
Aluminum is one of the most abundant metal and the third most abundant chemical 
element in the earth's crust, comprising over 8% of its weight. Only oxygen and silicon 
are more prevalent. Yet, until about two centuries ago aluminum in its metallic form was 
unknown to man. The reason for this is that aluminum, unlike iron or copper, does not 
exist as a metal in nature. Because of its chemical activity and its affinity for oxygen, 
aluminum is always found combined with other elements, mainly as aluminum oxide. As 
such it is found in nearly all clays and many minerals. Rubies and sapphires are 
aluminum oxide colored by trace impurities, and corundum, also aluminum oxide, is the 
second hardest naturally occurring substance on earth—only a diamond is harder. It was 
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not until 1886 that scientists learned how to economically extract aluminum from 
aluminum oxide via electrolytic reduction. Yet in the more than 100 years since that time, 
aluminum has become the second most widely used of the approximately 60 naturally 
occurring metals, behind only iron [62].  
One property of aluminum that everyone is familiar with is its light weight or, 
technically, its low specific gravity. The specific gravity of aluminum is only 2.7 times 
that of water and roughly one-third of steel and copper. The following are some other 
properties of aluminum and its alloys. 
 Formability. Aluminum can be formed by every process in use today and in more 
ways than any other metal. Its relatively low melting point, 1220ºF, while 
restricting high-temperature applications to about 500-600ºF, does make it easy to 
cast. 
 Mechanical Properties. Through alloying, naturally soft aluminum can attain 
strengths twice that of mild steel. 
 Strength-to-Weight Ratio. Some aluminum alloys are among the highest strength 
to weight materials in use today, in a class with titanium and superalloy steels. 
This is why aluminum alloys are the principal structural metal for commercial and 
military aircraft. 
 Cryogenic Properties. Unlike most steels, which tend to become brittle at 
cryogenic temperatures, aluminum alloys actually get tougher at low temperatures 
and hence enjoy many cryogenic applications. 
 Corrosion Resistance. Aluminum possesses excellent resistance to corrosion by 
natural atmospheres and by many foods and chemicals. 
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 High Electrical and Thermal Conductivity. On a volume basis the electrical 
conductivity of pure aluminum is roughly 60% of the International Annealed 
Copper Standard, but pound for pound aluminum is a better conductor of heat and 
electricity than copper and is surpassed only by sodium, which is a difficult metal 
to use in everyday situations. 
 Reflectivity. Aluminum can accept surface treatment to become an excellent 
reflector and it does not dull from normal oxidation. 
 Finishability. Aluminum can be finished in more ways than any other metal used 
today [62]. 
2.6.2 Aluminum Alloys 
While commercially pure aluminum (defined as at least 99% aluminum) does find 
application in electrical conductors, chemical equipment, and sheet metal work, it is a 
relatively weak material, and its use is restricted to applications where strength is not an 
important factor. Some strengthening of the pure metal can be achieved through cold 
working, called strain hardening. However, much greater strengthening is obtained 
through alloying with other metals. Due to its low strengths, Al is alloyed with other 
metals namely: magnesium, copper, zinc, manganese and nickel, in order to significantly 
improve its mechanical properties and the alloys themselves can be further strengthened 
through strain hardening or heat treating. Other properties, such as castability and 
machinability, are also improved by alloying. Thus, aluminum alloys are much more 
widely used than is the pure metal, and in many cases, when aluminum is mentioned, the 
reference is actually to one of the many commercial alloys of aluminum. 
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It is most appropriate to categorize Al alloys into two groups viz; casting composition 
and wrought compositions [63]. For wrought compositions, a four-digit system is used to 
produce a list of wrought composition of families while casting compositions are 
described by a three- digit system followed by a decimal value. The decimal 0.0 in all 
cases pertains to casting alloy limit and decimals 0.1 and 0.2 are ingot compositions. The 
tables below show the designation system for wrought and cast alloys and their major 
alloying element.  
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Table 2.2 Wrought Composition of Aluminum Alloys [63]. 
Alloy Series Description or Major Alloying Element 
1xxx 99.00% minimum aluminum 
2xxx Copper 
3xxx Manganese 
4xxx Silicon 
5xxx Magnesium 
6xxx Magnesium and silicon 
7xxx Zinc 
8xxx Other element 
9xxx Unused series 
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Table 2.3 Cast Composition of Aluminum Alloys [63]. 
 
Alloy series Description or Major Alloying Element 
1xx.x 99.00% minimum aluminum 
2xx.x Copper 
3xx.x Silicon plus copper and /or magnesium 
4xx.x Silicon 
5xx.x Magnesium 
6xx.x Unused series 
7xx.x Zinc 
8xx.x Tin 
9xx.x Other element 
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2.6.3 Al-Mg-Si Alloys 
Al-Si system possesses high wear resistance, low thermal-expansion coefficient, good 
corrosion resistance, and improved mechanical properties at a wide range of 
temperatures. These properties led to the application of Al-Si alloys in the automotive 
industry, especially for cylinder blocks, cylinder heads, pistons, and valve lifters [64]. Al-
Mg-Si alloys are an important group of alloys that are widely used in both cast and 
wrought forms. The alloys are age hardenable, and are routinely heat treated to the T6 
condition to develop adequate strength [65]. These are successfully produced by MA 
technique with enhanced properties. The alloys‘ response to age-hardening is paramount 
and precipitation control during heat treatment is essential for realization of maximum 
performance of the alloy.  
Another study of static and dynamic ageing of two Al-Mg-Si alloys i.e. Al6061 and 
Al6069 at 170ºC in which the dynamic ageing was conducted through the procedure of 
equal channel angular extrusion ECAE and they concluded that dynamic ageing using 
ECAE technique resulted in an increase in UTS of both alloys when compared to 
conventional static peak ageing at the same temperature, dislocation- assisted 
precipitation occur during dynamic ageing and finally the ageing using ECAE is superior 
to static ageing in both mechanical properties and time to peak strength [15].   
2.7 Reinforcements in Mechanically Alloyed Powders 
Mechanical alloying as a technique that consists of repeated welding-fracturing-welding 
of powder particles in a high energy ball mill which are trapped between the colliding 
balls during milling. This process is influenced by the mechanical behavior of the powder 
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elements [66]. MA can be used to produce numerous alloys with reinforcements e.g. Al 
alloys with reinforcements (Al-based MMCs) to primarily better the properties of the 
alloy than that from other techniques. Metal Matrix composites (MMCs) are classes of 
materials that seek to combine the high strength and stiffness of a ceramic with the 
damage tolerance and toughness provided by a metal matrix. Another defined MMCs as 
an engineered combination of two or more materials in which customized properties are 
realized by bringing the combined advantages of both the reinforcement and metal matrix 
into full play.  
These MMCs have excellent physical and mechanical properties. Compared with 
unreinforced matrix, MMC reinforced with ceramics usually exhibit better service 
temperature, strength, creep and wear resistance as well as thermal stability. Adopting 
MA technique for the production of MMCs, agglomeration avoidance of the 
reinforcement particles is necessary and leads to a homogenous distribution of the 
reinforcement within the matrix [67]. Factors that contribute to the agglomeration are 
geometries, particle sizes, densities and flow or development of an electrical discharge. 
Highlight of previous works done to produce MMCs by MA/MM techniques are; 
E.M Ruiz et al., [67] produced Al based MMCs where the base material was AA2014 and 
two different carbides were used as reinforcements i.e. VC and TiC. The powders were 
mixed together in a high energy horizontal ball mill and the BPR was 20:1 at 700 rpm for 
5, 7 and 10 hours. The amount of elemental powders was such that the composition of 
AA2014 alloy (4.4% Cu, 0.5% Mg, 0.7% Si, Al bal., all wt.%) reinforced with 5%vol 
carbide powders was obtained and analysis of the powder were done. The effect of the 
mechanical alloying factors on morphology, particle size, micro hardness, and 
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microstructure of the final powder was studied. The results showed that composite 
powders can be acquired in an only step with improved properties by means of 
mechanical alloying. 
J.B Fagagnolo et al., [68] where they investigated the production of Al6061 reinforced 
with Zirconium diboride by MA followed by cold pressing and hot extrusion and 
subsequently compared the result with the same composite produced by PM and hot 
extrusion. They found that about 100% improvements in the composite‘s UTS and 
hardness were achieved as compared to composite by PM technique. 
Another work where Fagagnolo and his colleagues [69] studied the importance of correct 
milling time of Al6061 reinforced with silicon nitride particles developed by MM; this 
study was to ensure that the characteristics of the powder will be such as to enhance the 
final properties of the composite material.  
2.7.1 SiC Reinforced Al Composites 
Al-Si alloys are commonly used in automotive industries especially for cylinder blocks, 
cylinder heads, pistons and valve filter. These alloys are used because of the improved 
mechanical properties at a wide range of temperature, low thermal expansion coefficient, 
good corrosion resistance and high wear resistance. These alloys are commonly 
reinforced with SiC and Al2O3, while SiC is the most widely used followed by Al2O3 
because of its low cost, density slightly higher than that of Al and the wide range of 
available grades. For example some composites like SiC/Al have shown a significant 
increase in their tensile strength and elastic modulus as well as wear resistance. The 
improved mechanical properties of particulate SiCp/Al are as a result of transfer of shear 
load at the matrix/reinforcement interface. 
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To highlight some previous work on that, Hyo Lee and co-workers [70] investigated the 
fabrication process and mechanical properties of SiCp/Al–Si metal matrix composite 
pistons for automobile air-conditioner compressor. To produce the composites, they used 
powder metallurgy process with vacuum hot pressing at a temperature of 540–570°C 
with 30 MPa followed by hydrostatic extrusion at 500°C with an extrusion ratio of 8:1. 
The compressor pistons were made from the developed composites by one-step forging 
of extruded bars at 400°C. They reported that the tensile strength and hardness of Al–Si 
alloys (10-12wt.%) and their composites (reinforced with 5-10wt.%SiCp) were increased 
by hydrostatic extrusion and forging, mainly due to a decrease of the grain size in the 
matrix through plastic deformation. 
The field of nanocomposite has currently attracted significant interest as researchers 
attempt to enhance the composite properties and extend their utility by using nanoscaled 
reinforcements as a replacement of the more conventional particulate filled composites. 
While smaller reinforcements have a better reinforcement effect than larger ones.  
However, while the yield and ultimate strength of the matrix improves with increasing 
the concentration of micro-ceramic particles the ductility of the composites deteriorates at 
higher concentrations. Therefore, it is of interest to use nano-sized ceramic particles to 
strengthen the matrix to produce metal matrix nano-composite (MMNC) while 
maintaining good ductility.  
For example, the yield strength of Al-7Si-0.3Mg alloy fabricated by an ultrasonic-
assisted casting method was improved more than 50% with the addition of 2.0wt.% of 
nano-sized SiC particles which is significantly better than what aluminum alloy with the 
same percentage of micro-particle reinforcement can offer. Moreover, there was little 
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change in the elongation and ultimate tensile strength [71]. It is expected that with 
nanoparticles reinforcement, high ductility, high temperature creep resistance and better 
fatigue life could be achieved. 
In another study, high energy ball milling was used to produce nanocrystalline Al-SiC 
nanocomposites. It was found that with increasing volume fraction of nanosized SiC, a 
finer composite powder with more uniform particle size distribution is obtained; and the 
crystallite size of the aluminum matrix decreased with increasing reinforcement volume 
content while the lattice strain changed marginally. As compared with micro scaled SiC 
particles, it appeared that the effect of nanosized-SiC on the milling stages was more 
pronounced. The results clearly showed that the reinforcement particles influenced the 
work hardening and fracture of the metal matrix upon milling, which affected the 
evolution of the structure. 
In another investigation, Woo and Zhang, [41] produced SiC nanometer sized particle 
reinforced Al–7.0%Si–0.4%Mg composite powder by ball milling. They reported that 
high energy ball milling increased the sintering rate of the composite powder due to 
increasing diffusion rate. The microstructure of the sintered specimen obtained using the 
milled composite powder was finer than that of the sintered specimen obtained from the 
mixed powder. Moreover, the composite fabricated by using the milled composite 
powder contained nanometer and sub micrometer sized SiC particles was more sound and 
had higher hardness than the composite produced by sintering the mixed powder. 
A.Simchi and D.Godlinski [42] studied the effect of SiC particles on the laser sintering of 
Al-7Si-0.3Mg alloy. They showed that densification rates follows first-order kinetics and 
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the rate constant  was found to increase low SiC fractions but suddenly decreases at >~5 
vol.%. The melt track becomes more steady and a more continuous sintered surface was 
attained in the presence of ceramic particles. Major reaction occurred between the Al 
melt and the reinforced particles resulting in the formation of Al4SiC4 and silicon 
particles. Again, the effect of variable volume fraction of SiCp on the hardness and aging 
response of 2024 Al-alloy was investigated by Kiourtsidis and co-workers, [71]. They 
manufactured the alloys by stir-casting in the semi-solid state and reported that the 
hardness increased as a function of the SiC content. 
On the other hand, the effect of clustering in SiC-Al2024 alloy was studied by Hong and 
co-workers [72]. They produced the alloys by centrifugal atomization and subsequent hot 
extrusion.  They concluded that an optimization of reinforcement content and clusters is 
crucial in ensuring high strength and reasonable fracture toughness. 
The homogenous distribution of reinforcement particles in the matrix is very important 
where the work by Zhao et al., [36] was performed to study the effect of mechanical 
alloying (MA) on the distribution of SiC particles in an Al 6061 matrix. They concluded 
that MA was quite effective in ensuring homogeneous distribution of SiC particles in the 
alloy matrix. Nevertheless, the integrity of sintering was partially affected by gas 
contamination and low compressibility of the powder. They suggested a degassing 
procedure to improve sintering and compressibility. They further stated that MA at 400 
rpm rotational speed for 5 hrs homogenous distribution of SiCp could be achieved. 
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Figure 2.6 The distribution of SiC particles in the matrix during MA for (a) 2h SEM (b) 
5h SEM (c) 2h OM 400X (d) 5h OM 1000X [36]. 
2.7.2 CNTs Reinforced Aluminum Composites 
Since the discovery of CNTs about two decades ago, wide research associated to 
nanotubes in the field of physics, chemistry, material science and engineering etc has 
found increasingly [73]. Nanotubes have a small physical size of 1nm diameter and are 
produced by 3 methods viz;  
i. Laser furnace; not for large scale production 
ii. The arc; there is a problem of purification which is more costly than the 
production itself. 
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iii. Chemical vapor deposition CVD; this has the advantage of controlling the purity 
by careful process control [74]. 
There are single walled nanotubes (SWNTs) and multi walled nanotubes (MWNTs) 
which have young moduli ranging from 1-5TPa and an average of 1.8TPa respectively 
[23,73-75]. These nanotubes have remarkable mechanical, electrical and thermal 
properties with providing strong, light and high toughness characteristics. Again these 
CNTs are defect free and possess low dislocation density which makes development of 
composites reinforced with CNTs feasible. These nanotubes composites have good 
surface finish with applications in antistatic shielding, on airplane wings and fuselages as 
well as transparent conductor. Recently, there has been a steadily increasing interest in 
the development of carbon nanotube (CNT) reinforced composites like CNT/Al 
composites. The primary motive is to transfer the exceptional mechanical and physical 
properties of CNTs to bulk engineering materials. Though, work on MMCs CNT 
reinforced has been scare which is related to the difficulty in attaining a homogeneous 
dispersion of CNTs within metal matrices. It can be said powder metallurgy is a practical 
technique used in nanocomposites production with improved properties example 
aluminum based composite. 
More recently, powder metallurgy was used to prepare aluminum based nanocomposites 
and remarkable improvement and structural stabilities were achieved in these alloys. 
Work by Morsi and Esawi, [23] showed that mechanical alloying is a promising 
technique for dispersing CNTs in aluminum and controlling CNT–Al nanocomposite 
powder morphology and size.  
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In another recent study, Lee and co-workers, [31] successfully used conventional powder 
metallurgy method to fabricate bulk nanocrystalline Al-matrix composite reinforced with 
CNTs. They reported high improvements in mechanical properties with the incorporation 
of CNTs. Also, Deng and co-workers, [48] showed the possible fabrication of 
CNT/2024Al composite by a procedure of mixing 2024Al powders and CNTs, cold 
isostatic pressing followed by hot extrusion. They showed that CNT is an effective 
reinforcement for metal matrix to obtain high damping capacities at an elevated 
temperature without sacrificing the mechanical strength and stiffness of the composite. 
R.George et al., [75] mixed CNTs (MWNT and SWNT) and Al powder (200 mesh) and 
milled at 200rpm for 5mins after dispersing the CNT in ethanol and sonicated for 20mins. 
They showed that the shorter duration and slower speed ensured that the CNTs were 
intact and this can be seen from the TEM image of the composite shown below. 
 
Figure 2.7 TEM images of (a) MWNT (b) SWNT (scale bar 50mm) [75]. 
R.George and his colleagues further investigated the important strengthening mechanism 
involved in CNT/Al composites where they used three major mechanisms namely; 
thermal mismatch, Orowan looping and shear lag model and concluded that shear lag 
model is the only mechanism associated with young modulus and all three were 
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associated to increased yield strength and that strengthening of the composite could be 
due to the synergistic effect of the mechanisms. 
2.8 Sintering  
Sintering is a technique of consolidating powder compacts by use of thermal energy and 
dates back to the prehistoric time with the firing of pottery and considered as one of the 
oldest human technologies which is now extensively used to fabricate bulk ceramic 
components and parts  from powder metallurgy [76]. 
Densification and average size increases as a result of the thermal energy applied to the 
powder compact. This phenomenon is called sintering. 
G.S. Upadhyaya [43] stated that; Hausner defined sintering which reads as follows, 
‗sintering is the bonding of particles in a mass of powders by molecular or atomic 
attraction in the solid state, by application of heat, causing strengthening of the powder 
mass and possibly resulting in densification and recrystallisation by transport of 
materials‘. Kuczynski defined sintering as diffusional creep under action of capillary 
forces. He further added that deformation and diffusion mechanisms are the two main 
mechanisms discussed by researchers. 
The driving force of sintering is total interfacial energy reduction and energy of a 
compact is expressed as σA where σ is specific energy (interface) and A is total surface 
area of the compact. 
The reduction of the energy can be expressed as  
Δ (σA) = Δ σA + σΔA  
Δ σ is due to densification and change in interfacial area is due to grain coarsening [76] 
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Generally, the size of the powder for sintering is in the range of 0.1 to 100 m. 
Consolidation of mechanically alloyed powder particles to full density is a complex 
phenomenon.  The particles became very hard and strong due to the small size and also 
because of the incorporation of a high density of crystal defects. Consequently, the 
pressures required for compaction are expected to be higher. But, once compacted, the 
process of sintering is expected to take place quickly due to the small size of the particles, 
and therefore increased grain boundary area, in the mechanically alloyed powder 
particles. Occasionally, a combination of more than one technique is expected to be 
utilized to achieve full densification [77-79].  During sintering, the density and average 
particle/grain size increases as a result of the thermal energy supplied to the powder 
compact. The sinterability and the sintered microstructure of a powder compact are 
dependent on two important variables, viz., material and process variables and the 
sintering equations are governed by these variables. The atmosphere maintained during 
sintering affects the sintering mechanism in addition to impurity/reinforcement content 
and composition. High gas transportation rates and pore structure, grain structure, 
impurity content, kinetics and surface structures are major changes caused by the 
sintering atmosphere. Therefore, determination of atmospheres that are most effective for 
control of impurity is necessary. However, consolidation of powders through isostatic 
technique is a feasible technique for composite materials which are intricate or costly to 
fabricate by other methods. 
All sintering equations comprises of a number of variables such as particle size, pore 
volume, surface tension etc. These variables determine the sinterability and the sintered 
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microstructure of a powder compact and can be categorized into 2 groups i.e. material 
and process variables as shown in the table below; 
Table 2.4 Variables Affecting Sinterability and Microstructure [76]. 
 
Material variables 
 Powder: shape, size and distribution, agglomeration 
 Chemistry: composition, impurity, non-stoichiometry, 
homogeneity  
 
Process variables 
 Temperature, time, pressure, atmosphere, heating, and 
cooling rate. 
 
These two variables are in one way or the other dependent on each other for example; 
fully dense Al2O3 fabrication, maneuvering of the chemistry system avoids the 
embellished grain growth, thereby almost complete removal of defects (porosity). 
Homogeneity is paramount when more than two powders are compacted, MA/MM and 
also chemical processes such as sol-gel and co-precipitation processes have been applied 
to improve homogeneity. 
Sintering atmosphere and pressure are much more complicated and important and this 
complication in real system during sintering can be categorized into 3; 
 Powder; particle size, distribution and shape, agglomeration chemical 
composition homogeneity, impurities etc. 
 Compact pressed; Pore size, distribution, parking density, granulation effect etc. 
 Sintering; temperature, temperature gradient and cycle, atmosphere, pressure etc. 
Sintering atmosphere affects sintering mechanism in addition to impurity content and 
composition. High gas transportation rates and pore structure, grain structure, impurity 
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content, kinetics and surface structures are major changes caused by sintering 
atmosphere. Therefore determination of atmospheres that are most effective for control of 
impurity is necessary. 
Sintering techniques can be done through conventional techniques such as cold isostatic 
pressing (CIPing), hot isostatic pressing (HIPing) and non-conventional means such as 
microwave sintering and FAST. Non-conventional techniques are considered as novel 
processes and have numerous advantages over their counterpart which will be discussed 
in the following sections.  
2.8.1 Spark Plasma Sintering Technique (SPS) 
This is a non-conventional technique that was first developed by Inoue et al, 1960 where 
they developed it on the basis of using the plasma on electric discharge machine for 
sintering metal and ceramics. 
Joanna R. Groza and Antonion [80] defined FAST or SPS as a powder consolidation 
technique where densification is enhanced by the application of an electrical discharge 
combined with resistance heating and pressure. In a review paper by Morteza Oghbaei 
and Omid Mirzaee, [45], they defined FAST as a process that allows densification of 
powder at a relatively lower temperature with short holding time due to very rapid 
heating and cooling rates. This technique is also called spark plasma sintering (SPS), 
plasma activated sintering.  
Both microwave and FAST techniques have shown good refinement in microstructure 
and improved microstructure but microwave sintering seems to be a more appealing 
substitute for FAST for large specimens because dielectric loss mechanism is use to 
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deposit energy in the bulk of the material. FAST technique has enhanced the sinterability 
of a lot of metals and also leads to the development of new advanced materials and 
improving their properties [81]. 
 
Figure 2.8 Schematic illustration of Spark Plasma Sintering (SPS). 
 
Figure 2.9 Illustrates how pulse current flows through powder particles inside the SPS 
sintering die. 
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Figure 2.8 and 2.9 above shows the Schematic illustration of Spark Plasma Sintering and 
how pulse current flows through powder particles inside the SPS sintering die. 
SPS technique has superior advantages over the conventional ones like very rapid heating 
and cooling rates, shortened sintering times, better microstructure, higher densification as 
well as improved mechanical properties. The Non-conventional methods have made it 
possible for the processing of advanced materials. The figure below shows the effect of 
sintering time with respect to temperature used for conventional and spark plasma 
sintering techniques, which shows non-conventional sintering techniques like SPS has far 
more superior than conventional ones like HIP, CIP and furnace sintering. 
 
Figure 2.10 Graph showing the temperature Vs sintering time for conventional and spark 
plasma sintering techniques. 
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Th. Schubert et al., [82] studied the microstructure and mechanical properties of an Al-Si 
alloy consolidated by spark plasma sintering, where they stated that high density of bulk 
material with porosity less than 1% can be prepared by SPS with a temperature of 450°C, 
holding for 2-10min and a pressure of 170 MPa. Furthermore, the microstructural 
homogeneity across the diameter of the sintered samples were investigated and compared 
with in-situ measurements of the temperature distribution within the samples. Residual 
porosity was localized at the margin close to the wall of the die, corresponding to the 
lowest measured temperatures. The process parameter effects on the structure and tensile 
properties of subsequently hot extruded material were studied and compared to material 
based on hot pressed pre-compacts. The mechanical tensile properties of the SPSed 
compacts were appreciably lower compared to that of the extruded material due to some 
residual porosity and the weakness of the joint between the initial atomized alloy powder 
particles. 
Jatinkumar Kumar Ra et al., [51] reported the Microstructure and mechanical properties 
of nanocrystalline high strength Al–Mg–Si (AA6061) alloy by high energy ball milling 
and spark plasma sintering where gas atomized microcrystalline powder of AA6061 alloy 
was ball milled to nanocrystalline powder with grain size of ~30 nm under wet condition 
at room and then consolidated to fully dense compacts by spark plasma sintering (SPS) at 
500
◦
C. After SPS consolidation the grain size was found to be ~85 nm. The resultant SPS 
compacts exhibited microhardness of 190–200Hv100gf, compressive strength of 
~800MPa and strain to fracture of ~15%. 
Kwon et al., [52] studied the combined processes of spark plasma sintering and hot 
extrusion were used to fabricate a multi-walled carbon nanotube (MWCNT) reinforced 
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aluminum (Al) matrix composite at different sintering temperatures. Raman spectroscopy 
was used to study the structural defects of carbon nanotubes (CNT) at various sintering 
temperatures. Al liquid phase in small quantity was generated and it reacted with 
disordered CNTs, even during the solid-state spark plasma sintering process. They 
concluded that from microstructural viewpoint and in relation to tensile strength that 
structurally controlled CNTs could potentially be attractive for metal matrix applications, 
and could significantly improve the mechanical properties of Al-CNT composites. 
H. Kwon et al., [53] studied the combination of hot extrusion and spark plasma sintering 
for producing carbon nanotube reinforced aluminum matrix composites and concluded 
that SPS could produce Al–CNT with a relatively high density and degree of orientation 
for the CNTs after good dispersion of the CNTs within the matrix. In addition, during the 
SPS, grain growth in the matrix and damage to CNTs did not occur, due to pinning effect 
by the CNTs and oxides as well as the rapid heating. A small quantity of carbide was 
generated during the SPS process and thereby affected a strong bonding between the Al 
matrix and CNTs. Enhancements of density, dispersity, and CNT orientation were 
noticed due to the subsequent hot extrusion process. 
Jin-zhi Liao et al., [83] reinforced Aluminum (Al) matrix composites with 0–2.0 wt.% 
multi-wall carbon nanotubes (MWCNTs) by thorough mixing using in a roller mill and 
then sintered using a spark plasma sintering (SPS) machine followed by hot extrusion. 
Fully dense Al–MWCNT composites were achieved. The characterization of 
microstructure and mechanical properties of these composites were conducted: there was 
a significant improvement in the Al–MWCNT composite properties at initial loadings 0.5 
wt% of MWCNTs when compared to Al samples without much increase in cost. 
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Yamanaka Shunsuk et al., [84] fabricated and evaluated the thermal analysis of Carbon 
Nanotube/Aluminium composite by spark plasma sintering (SPS) method through 
powder metallurgy employing the slurry mixing process, they successfully dispersed the 
CNTs using slurry precursors by hetero-aggregation with ethanol which was verified by 
FESEM. They reported a relative density of over 99% and concluded that as the CNT 
content increases the thermal conductivity of the composites decreases but these thermal 
properties are enhanced by extending the holding time during sintering. 
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Chapter 3                                                                                               
EXPERIMENTAL PROCEDURE 
3.1 Materials  
The Al-7Si-0.3Mg and Al-12Si-0.3Mg powder alloys from aluminum powder co Ltd, 
froge lane, minworth, sutton coldfield, West Midlands, B76 1AH were used as matrices 
and commercial carbon nanotubes (up to 2.0wt.%) and SiC nanoparticles (up to 20wt.%) 
were used as reinforcements from nanostructured and amorphous materials Inc. Houston, 
Texas, USA. . The pre-alloyed powders were ball milled with MWCNTs and SiC to 
produce homogeneous nanopowder. The tables 3.1 and 3.2 below show the 
characteristics and chemical analysis of each powder respectively. 
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Table 3.1 Characteristics of Materials of the Study. 
Material Size Purity (%) Surface density (m
2
/g) 
Al-7Si-0.3Mg – alloy 1 ~40µm N/A N/A 
Al-12Si-0.3Mg – alloy 2 ~40µm N/A N/A 
Carbon nanotubes, multi wall 
(MWCNTs) 
20 – 40nm 95 40 – 600 
Silicon carbide (Beta) SiCp 20 – 40nm 99 90 
 
 
Table 3.2 Shows the Chemical Analysis of Starting Powder of Al-7Si-0.3Mg Alloy 
(Alloy-1) and Al-12Si-0.3Mg Alloy (Alloy-2) As Received. 
Composition Al Si Mg Fe Mn Cu Zn Pb Co Ni Cr Ti Zr Ga 
 
Alloy 1 92.06 6.5 0.40 0.35 0.040 0.037 0.015 0.015 0.001 0.011 0.004 0.016 0.001 0.010 
 
Alloy 2 87.49 11.2 0.41 0.64 0.067 0.067 0.023 0.046 0.001 0.014 0.005 0.023 0.002 0.012 
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3.2 Ball Milling Procedure 
3.2.1 Al-Alloy/SiCp Powder Milling 
Al-based powder was ball milled with SiCp to produce a homogeneous mixture. For the 
milling experiments, the powder was loaded into a stainless steel vial and milled in a 
planetary mill (Fritsch Pulverisette 5) figure 3.1 under Argon gas (Ar) atmosphere to 
avoid contamination. Stearic acid (2%.wt) was used as a process control agent (PCA) to 
avoid excessive cold welding of aluminum powder. Stainless steel balls were used with 
each ball weighing 4.1g and the ball-to-powder weight ratio (BPR) was set at 10:1.  
Milling was performed at a speed of 200 rpm for different milling periods of 5, 12 and 20 
hours. Alloy composition according to table 3.2 mixed with; 5, 12, and 20wt% of fine 
SiC nanopowder from table 3.1.  The milling experiments were periodically halted after 
an interval of 3hrs for 30 minutes to avoid temperature build-up in the milling vial. 
Furthermore, to eliminate any accumulation of unprocessed powders on the internal 
walls, the vial was opened at regular intervals depending on the milling time and the 
deposited powders were scraped out from the vial walls.  
3.2.2 Al-Alloy/MWCNTS Powder Milling 
Al-based powders were ball milled with MWCNTs to produce a homogeneous mixture 
after sonicating the MWCNTs in ethyl alcohol for 10-15mins in (Cole Parmer 8892, Ultra 
Sonic Cleaner, CA, figure 3.1 (c)) in a stainless steel vial and milled in a planetary mill 
(Fritsch Pulverisette 5). Milling was performed at a speed of 200 rpm for different 
milling periods of 1, 3 and 5 hours. Both alloys 1 and 2 according to table 3.2 composed 
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of; 0.5, 1, 1.5 and 2wt.% of CNTs. BPR was maintained at 10:1 at the controlled 
atmosphere. 2wt% stearic acid was also used. 
 
 
 
Figure 3.1 Shows (a) Typical vial and ball (b) Ball Milling- Fritsch Pulverisette 5 (c) 
Cole Parmer-8892- Sonicating machine. 
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3.3 Powder Characterization using XRD, SEM, EDS, Mapping, PSA. 
At successive milling times, a small amount of powder was taken out from the vials to 
observe any morphological changes. JEOL JSM-6460LV (Japan); scanning electron 
microscopes (SEM) was used for morphological evaluations. Oxford system for EDS 
(Energy-dispersive X-ray spectroscopy) along with mapping was utilized for 
compositional analysis. Bruker D8- X-Ray Diffractometer was employed to study phase 
evolution, to determine crystallite size and accumulated strain. As received Al powder 
was annealed and used for broadening correction in estimating the crystallite size and 
strain accumulated during milling. This annealing was done at 400
o
C for 1h and allowed 
to cool in the furnace under controlled atmosphere. Cu-Kα radiation with wavelength 
0.1504nm was used and the machine was operating at a voltage of 40kV and a current of 
40mA. Scherer relation and Williamson's plot were used to determine crystallite size and 
strain from the broadening of XRD peaks [85]. Particle size analyzer (PSA) Microtrac, 
Germany was used to further characterize the monolithic and milled powders. 
………………… Scherrer Relation 
 
Where D, is the crystallite size, k is a constant typically 0.8-1.0, ŋ is the strain, λ is the 
wavelength of Cu-Kα radiation, B, is the full width half maximum (FWHM). 
Thus, from a plot of  vs.  a straight line with slope  and intercept  
are used to calculate the size and strain respectively.  
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Figure 3.2 Shows (a) JOEL SEM Machine (b) D8 X-Ray Diffractometer (c) Microtrac 
Particle Size Analyzer  Machine  and (d) JEOL; Fine Coat Ion Sputter JFC-1100. 
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3.4 Sintering (Spark Plasma Sintering-SPS) Procedure 
As received monolithic and milled powders were sintered in FCT group, Systeme 
GmBH, Germany at 400C, 450C and 500C, holding time; 20mins and force 11kN 
(35MPa) applied at a heating rate of 100ºC/min with a die movement of between 6 to 
7.5mm. For Al/SiC powder, all the powders were milled for 20hrs containing 5, 12 and 
20wt% SiC while Al/MWCNTs, the powders were milled for 3hrs containing 0.5wt% 
MWCNTs.  
 
Figure 3.3 Shows Spark Plasma Sintering (SPS) Machine. 
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3.5 Characterization of Sintered Samples 
3.5.1 Density Measurement 
The density of the sintered samples (monolithic alloys and nanocomposites) was 
measured using an electronic Densimeter figure 3.4 (MD-300S, Alfa Mirage, SG 
resolution-0.001g/cm
3
, capacity-300g) and the Archimedes principle was followed to 
quantify the density. 
 
Figure 3.4 Shows Electronic Densimeter (MD-300S, Alfa Mirage, SG resolution-
0.001g/cm3, capacity-300g). 
 
3.5.2 Microstructure Analysis  
The microstructural features of the processed samples such as distribution of carbon 
nanotubes or SiC nanoparticles, presence of pores and defects, CNT/matrix and 
SiC/matrix interfaces were investigated through FESEM Tescan Lyra-3 (Czech 
Republic); scanning electron microscopes as well as optical microscope (MEIJI-Techno 
microscope, Japan) also used for further characterization. All microstructural analysis 
55 
  
 
 
were done after mounting using Evolution, IPA 40 Remet, Bologna, Italy figure 3.5 (a) 
with the aid of Buehler Transoptic powder, IL, USA and grinding and polishing using 
Handimet 2 Roll Grinder Buehler USA and Ecomet 4, Buehler Grinding Machine 
(variable speed grinder-polisher) USA figures 3.5 (b) and (c) respectively. 
 
  
Figure 3.5 Shows (a) Evolution, IPA 40 Remet, Bologna, Italy (b) Ecomet 4, Buehler 
Grinding Machine (variable speed grinder-polisher) USA (c) Handimet 2 Roll Grinder 
Buehler USA.  
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Figure 3.6 Shows (a) FESEM Tescan Lyra-3, Czech Republic (left) (b) MEIJI-Techno 
Optical Microscope, Japan (right). 
 
3.6 Mechanical Characterization 
3.6.1 Hardness Measurement 
Micro-Hardness of the monolithic alloys and nanocomposites, prepared through different 
processing routes was measured using Vickers hardness machine (MMT-3 digital 
microhardness tester, Buehler, USA) using 100gf taking 10-12 readings. 
 
Figure 3.7 Shows MMT-Series digital microhardness testing machine-USA. 
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Table 3.3 and 3.4 show the summary of the experimental procedures for the ball milling 
and spark plasma sintering. 
Table 3.3 Summary of Ball Milling Experiment for both Alloys 
Alloy Reinf. 
Comp. 
(wt.%) 
Milling 
Time 
(hr) 
other conditions Characterization 
Al-7Si-0.3Mg 
(Alloy 1) 
 
 
Al-12Si-0.3Mg 
(Alloy 2) 
SiCp 5, 12, 20 5, 12, 20 
BPR 10:1, 
speed=200rpm, 
2wt.%PCA, 
3hr Halt time, 
Argon 
atmosphere, 
Stainless Steel 
Vials and balls, 
Sonication. 
SEM, EDS, 
Mapping, XRD, 
PSA. 
MWCNTs 0.5, 1, 1.5, 2 1, 3, 5 
 
Table 3.4 Summary of Spark Plasma Sintering Experiment for both Alloys 
Alloy Reinf. 
Comp. 
(wt.%) 
Milling 
Time 
(hr) 
Sintering Temp. 
and 
other conditions 
Characterization 
Al-7Si-0.3Mg      
(Alloy 1) 
 
 
 
Al-12Si-0.3Mg 
(Alloy 2) 
SiCp 
5, 12, 
20 
20 
400, 450, 500ºC 
20mins holding 
time, 
11KN (35MPa), 
100ºC/min 
FESEM, XRD, 
Optical, 
Densification 
Microhardness. 
MWCNT 0.5 3 
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Chapter 4                                                                                                             
RESULTS AND DISCUSSIONS 
4.1 Al-Alloy 1 (Al-7Si-0.3Mg) Containing SiC 
4.1.1 SEM Micrographs of Milled Powders 
Figure 4.1 shows SEM micrographs of the pre-alloyed Al-7Si-0.3Mg alloy 1 in the as-
received condition as well as after milling for different periods. 5, 12 and 20wt.% of 
nano-scaled SiC were milled along with the pre-alloyed Al-based powders to study the 
effect of adding higher percentages of the grinding medium (reinforcement). The as-
received Al-7Si-0.3Mg samples were showing spherical shapes with broad-size 
distribution shown in figure 4.1(a). At the early stages of milling, the resulting Al matrix 
was showing a high aspect ratio after deformation with marked irregularity as observed in 
other locations of the micrograph. As milling progressed the plastic deformation was 
more pronounced resulting in flak-like particles (figure 4.1b, c and d). Higher 
deformation was noticed as the concentrations of nano-sized SiC was increased from 5 to 
20wt.%, and continuous grinding of the powder has resulted in reduced average powder 
sizes (figure 4.1bi, ci and di respectively). It can also be seen that at a higher SiC 
concentration (figure 4.1di-20wt.%SiC) and extended milling times (of 20hrs) more 
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equiaxed particles were formed which can be attributed to the excessive and repeated 
grinding. The increased milling time ensures that SiC particles are increasingly embedded 
into the powder as also confirmed by EDS analysis, a typical EDS is presented for Al-
7Si-0.3Mg containing 5wt.%SiC milled for 12hrs in figure 4.2. The employment of ball 
milling was beneficial in obtaining a homogeneous distribution of SiC particles into the 
Al-based matrix. This was observed after EDS and mapping analyses as no compositional 
fluctuation was depicted into the resulting powders.  
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Figure 4.1 SEM micrographs of powders milled at different periods from Al-7Si-03Mg a) 
as-received, b) 5 hrs, c) 12 hrs, and d) 20 hrs; Left hand side and right hand side (with 
letter ‗i‘) show samples with 5wt.%SiC and 20wt.% SiC, respectively. 
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Figure 4.2 Shows EDS analysis for Al-7Si-0.3Mg containing 5wt.% SiC milled for 12hrs. 
 
Processing option: All elements analyzed (Normalized in wt.%) 
Spectrum C Mg Al Si Total 
Spectrum 1 4.13 0.49 87.23 8.14 100.00 
Spectrum 2 0.00 0.44 91.11 8.46 100.00 
Spectrum 3 7.11 0.37 83.01 9.50 100.00 
Spectrum 4 4.88 0.00 86.50 8.61 100.00 
Spectrum 5 4.10 0.00 87.29 8.60 100.00 
Spectrum 6 7.38 0.00 85.41 7.21 100.00 
Spectrum 7 4.84 0.00 88.24 6.92 100.00 
Max. 7.38 0.49 91.11 9.50  
Min. 0.00 0.00 83.01 6.92  
 
 
All results in Weight Percent 
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4.1.2 X-Ray Diffractograms of Milled Powders  
X-ray diffractograms of SiC reinforced Al-7Si-0.3Mg alloy are shown in figure 4.3 for 
different milling times. Moreover, the graphs show the patterns obtained as the 
concentration of SiC is increased from 5% to 20wt. %. Due to the nature of mechanical 
milling process, in which severe plastic deformation occurs into the milled powders, there 
is continuous reduction in crystallite size and accumulation of lattice plastic strain as 
milling experiments progressed. This is evident by the continuous broadening of the Al 
peaks as milling time is increased (figure 4.3). However, by comparing the results 
obtained for different fractions of SiC (figure 4.1 b-d and bi-di), it can be seen that more 
refinement into the microstructure is observed and a continuous reduction of crystallite 
size occurs at higher SiC concentration. This proves the role of the concentration of 
grinding medium (reinforcement) in refining the structure and achieving reduced 
crystallite sizes over the same milling periods. It can also be seen that there is a 
pronounced shift in the Al peaks towards higher angles in the milled powder containing 
20wt.% SiC for 12 and 20hrs (figure 4.3). However, this is a clear indication of higher 
internal strains resulting from the accumulation of higher percentages of cold work.  
On the other hand, no intermetallic phases were observed into the resulting powder. The 
use of solid-state milling techniques doesn‘t allow the accumulation of necessary 
temperature for the displacement reaction to take place between Al and C to form Al4C3. 
Furthermore, the peaks indicating the presence of SiC were more pronounced in the X-
ray diffractograms at 20wt.% SiC, and this can plausibly be attributed to the detectability 
limit of XRD machine in which 5wt.% SiC is slightly close to the minimum quantity 
required for detectability.  
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Figure 4.3 X-Ray Diffractograms for the SiC/Al-7Si-0.3Mg (alloy 1) at different milling 
times and different concentrations of reinforcement. 
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Additionally, figure 4.4(a) compares the effect of different SiC concentrations and 
extended milling periods on the resulting crystallite size of the synthesized Al-based 
alloy. It can be seen from the graph that milling was successful in bringing down the 
crystallite size of the nanocomposite powder into very fine values (below 100 nm) after 
20 hrs of milling. The addition of 20wt.% SiC had an apparent effect on reducing the 
final crystallite size further, reaching values close to 70-80 nm. This can be related to the 
presence of more grinding medium, and as time progresses the difference in crystallite 
size between 5 and 20wt.%SiC is narrowing. This might be attributed to the fact that as 
milling time increases the possible reduction in crystallite size becomes more difficult as 
the structure becomes somewhat saturated with the accumulation of defects and 
dislocation density raises. If milling was increased further, it is expected that the powders 
will reach a steady-state at different rates depending on the volume fraction of the 
reinforcement material. The induced internal strain following milling is presented in 
figure 4.4(b), and it shows that the use of 20wt.%SiC accumulated around double the 
strain compared to 5wt.% SiC. It has to be mentioned that these results were obtained 
using indirect measurements from XRD employing the Scherer equation and Williamson-
Hall plot and the result can be accurate up to ±5%.    
 
 
 
 
 
66 
  
 
 
 
 
 
Figure 4.4 Shows (a) the reduction of crystallite size and (b) accumulation of internal 
strain as milling progresses with increasing SiC content for Al-7Si-0.3Mg alloy. 
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4.1.3 Optical Micrographs of Spark Plasma Sintered Samples 
Characterized powder mixtures with optimized parameters were sintered by spark plasma 
sintering (SPS) by  pouring powder mixture into a 20mm diameter graphite die and 
pressed with a pressure of 11kN (35MPa) inside the SPS before switching on the heating. 
After pressing the powder mixture, sintering was carried out at different temperatures of 
400, 450 and 500C. The heating rate was 100C/min and holding time was 20 mins at 
the final temperatures and finally the temperature drops to 30C within 10 min. Figures 
4.5 and 4.6 shows the optical micrographs for the sintered as received alloy 1 and Al-
alloy reinforced with 20 wt% SiC milled for 20hrs sintered at 400 and 500ºC 
respectiveliy. In figure 4.5 (a and b), some degree of porosities were observed which also 
corresponded to the densification data which was sintered at 400C. However, when 
sintered at 500C there was no porosity observed in the optical micrographs (figure 4.6). 
It is worth mentioning that as-received sample showed spherical shapes and milled 
samples showed elongated features which show the effect of the milling. A 100% 
densification was obtained as shown in the table 4.1 below (sample ID-1) in case of as 
received aluminum sample.   
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Figure 4.5 Optical micrographs from Al-7Si-0.3Mg containing (a) 0wt.%SiC (b) 
20wt.%SiC sintered at 400ºC.  
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Figure 4.6 Optical micrographs from Al-7Si-0.3Mg containing (a) 0wt.% SiC (b) 
20wt.%SiC  sintered at 500ºC.  
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4.1.4 SEM Micrographs of Spark Plasma Sintered Samples 
Figure 4.7 and 4.8 are SEM micrographs for the sintered samples at 400 and 500
o
C for 
20mins holding time at 35MPa and heating rate of 100ºC/min, respectively. Similar 
morphology was observed in SEM micrographs as shown in the optical micrographs in 
figure 4.5 and 4.6 above. It was observed that at low temperature (400ºC) there was small 
degree of porosity in the sintered samples compared to samples sintered at 500ºC as well 
as addition of SiC also affected the sintering and densification of the samples. It is more 
pronounced in the samples sintered at lower temperature at 400ºC. It was also evident 
that as SiC increases in the matrix dark grey region increases as it is presumed that 
regions are partially sintered compared to light grey region (fully sintered regions) as 
shown in figure 4.7 (a-d) and more apparent in figure 4.8 (a-d) at higher temperature. 
Similar trends were observed in the optical micrographs that light grey region (sintered 
region) decreases as SiC increases. This also affects the properties of the composites by 
mean of decrease in the densification as well as the decrease in the hardness of the 
composites materials. 
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Figure 4.7 FESEM micrographs from Al-7Si-0.3Mg containing a) 0wt.%SiC b) 5wt.% 
SiC c) 12wt.%SiC d) 20wt.%SiC sintered at 400ºC. 
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Figure 4.8 FESEM micrographs for Al-7Si-0.3Mg containing a) 0wt.%SiC b) 5wt.%SiC 
c) 12wt.%SiC d) 20wt.%SiC sintered at 500ºC. 
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4.1.5 Densification and Hardness of Spark Plasma Sintered Samples 
Generally, 500
o
C sintered samples show higher hardness and densification greater than 
98%. As received monolithic alloy sample has the highest densification of 100%. 
However, it was found that 12wt.% SiC gives maximum values of hardness amongst all 
the concentration of SiC (Table 4.1 and fig 4.9b). As SiC increases to 20wt.%, both 
hardness and densification decreased because of partially sintered clusters in the sintered 
regions. However, it was found that increase of SiC more than 12wt.% may cause 
decrease in the densification at evaluated temperature (500C). Therefore, it could be 
appropriate to increase the sintering temperature at higher concentration of SiC in the 
matrix or increase of the pressure (from 35MPa to higher values). Below is the table 
showing the hardness and densification of the SPS samples milled for 20hrs and sintered 
at three different temperatures and these information are represented in figure 4.9 
showing the graphs of densification and hardness vs sintering temperatures for the 
samples milled for 20hrs. 
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Table 4.1 Shows the Hardness and Densification of the SPS Sintered Samples Containing 
0, 5, 12 and 20wt% SiC at Different Temperatures for Al-7Si-0.3Mg (Alloy 1). 
Sample ID 
 
Densification (%) 
Temperature 
Vickers Hardness (HV) 
Temperature 
 SiC wt.% 400C 450C 500C 400C 450C 500C 
1 0 94.90 99.30 100.00 41.29 57.29 63.34 
2 5 93.60 97.50 98.00 57.84 66.16 70.78 
3 12 91.70 95.50 97.50 62.00 70.47 74.82 
4 20 89.34 92.80 94.40 48.57 63.33 68.59 
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Figure 4.9 Show graphs for (a) densification and (b) hardness against sintering 
temperature for Al-7Si-0.3Mg with increasing SiC reinforcement. 
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4.2 Al-Alloy 2 (Al-12Si-0.3Mg) Containing SiC 
4.2.1 SEM Micrographs of Milled Powders 
Similarly trends were observed in case of the pre-alloyed Al-12Si-0.3Mg containing 5, 12 
and 20wt.%SiC milled for 5, 12 and 20hrs as observed in pre-alloyed Al-7Si-0.3Mg. This 
is evident in the figure 4.10 as well as the EDS analysis shown in figure 4.11; more Si 
particles were confirmed as a result of the higher percentage of Si in the pre-alloyed Al-
12Si-0.3Mg. Higher deformation was noticed as the concentrations of nano-sized SiC 
(average particles size 30 nm) was increased from 5 to 20wt.%, and continuous grinding 
of the powder resulted in reduced average powder sizes. It can also be seen that at a 
higher SiC concentration (of 20%SiC) and extended milling times (of 20hrs) more 
equiaxed particles were formed which can be attributed to the excessive and repeated 
grinding as observed from alloy 1. The increased milling time ensures that SiC particles 
are increasingly embedded into the matrix of the nanocomposite powder. 
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Figure 4.10 SEM micrographs of milled powders for Al-12Si-0.3Mg a) as received 
monolithic alloy, b-c) containing 5wt.% SiC milled for 5 and 20 hrs respectively, d-e) 
containing 12wt.% SiC milled for 5 and 20 hrs respectively  and f-g) containing 20wt.% 
SiC milled for 5 and 20hrs respectively. 
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Figure 4.11 Shows EDS Analysis for Al-12Si-0.3Mg containing 20wt.% SiC milled for 
20hrs. 
Processing option: All elements analyzed (Normalised in wt.%) 
Spectrum C Mg Al Si Total 
Spectrum 1 3.11 0.00 75.62 21.26 100.00 
Spectrum 2 3.51 0.00 50.16 46.33 100.00 
Spectrum 3 3.68 0.00 63.54 32.77 100.00 
Spectrum 4 4.29 0.00 59.77 35.93 100.00 
Spectrum 5 1.81 0.00 74.35 23.84 100.00 
Spectrum 6 2.36 0.00 72.29 25.35 100.00 
Spectrum 7 4.92 0.00 60.09 34.99 100.00 
Max. 4.92 0.00 75.62 46.33  
Min. 1.81 0.00 50.16 21.26  
 
 
All results in Weight Percent 
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4.2.2 X-Ray Diffractograms of Milled Powders  
Figures 4.12 and 4.13 below show XRD pattern and graphs of crystallite size and lattice 
strain against milling time for alloy 2 containing different percentages of SiC 
respectively. Similar trends were observed in terms of XRD peak broadening and the 
reduction in crystallite size and increase in the internal lattice strain as the reinforcement 
is increased. 
 
Figure 4.12 X-Ray Diffractograms for the SiC/Al-12Si-0.3Mg (alloy 2) at different 
milling times and different concentrations of reinforcement. 
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Figure 4.13 Shows (a) the reduction of crystallite size and (b) accumulation of internal 
strain as milling progresses with increasing SiC content for Al-12Si-0.3Mg alloy. 
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Particles size distribution curves and effect of the milling time on the size reduction is 
indicated in figure 4.14 where graph (a and b) shows that as the milling time increase 
from 5, 12 and 20 hours and frequency of the distribution changes and curves of the 
graph slightly shift towards smaller size scale. It was found that average particle size of 
as received monolithic alloy was  38 μm which is quite similar as average size provided 
by the company. Milling was done for 5, 12 and 20hrs and average particles sizes were 
11, 9 and 6μm respectively. Frequency of the particles distribution decreases as the 
milling progresses at the higher edge of particles size regime and frequency of particles 
distribution increases at lower edge regime. However, same drift was observed in the 
powders containing SiC. Similar trend was observed during SEM imaging and analysis. 
As the milling time increases, the particle size starts to decreases in similar fashion.  
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Figure 4.14 Shows (a) particles size distribution of aluminum alloy powder (b) curves at 
lower edge size distribution from graph (a) with increasing milling time. 
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4.2.3 Optical Micrographs of Spark Plasma Sintered Samples 
The same parameters were employed in sintering the pre-alloyed Al-12Si-0.3Mg as in the 
pre-alloyed Al-7Si-0.3Mg containing SiC. It was evident by optical (light) micrographs 
and SP sintered samples shows unique morphologies as shown in the figure 4.15 (a and 
b); sintering at 400C shows some porosity, which seen in the black regions in the figure 
4.15 (b). However, the addition of SiC into the aluminum matrix shows pits and partially 
sintered regions were dominating in the microstructure. This may reveal lack of sintering 
temperature as well as low pressure parameters. Figure 4.15 (c and d) reveals 
microstructure of samples sintered at 500C  in the figure 4.15 (c) , resulting in much 
better microstructure as well improved densification than samples sintered at 400C and 
450C. However, in the figure 4.15 (d) again little porosity was observed in the 
microstructure as well as partially sintered regions which make the composite weak. 
These observations were found in the samples containing above 12wt.% SiC in the 
aluminum alloy matrix. 
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Figure 4.15 Optical micrographs from Al-12Si-0.3Mg containing (a) 0wt.%SiC sintered 
at 400ºC (b) 20wt.%SiC sintered at 400ºC (c)  0wt.%SiC sintered at 500ºC (d) 
20wt.%SiC  sintered at 500ºC. Magnified at 200X. 
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4.2.4 SEM Micrographs of Spark Plasma Sintered Samples 
The same trends were also observed as that of alloy 1, where the porosities were more in 
the samples sintered at 400ºC as compared to those sintered at 500ºC. This is also evident 
from table 4.2 showing the densification and hardness, where samples sintered at 500ºC 
showed better densification of more than 98% and higher hardness. 
    
Figure 4.16 FESEM micrographs from Al-12Si-0.3Mg containing a) 0wt.%SiC b) 5wt.% 
SiC c) 12wt.%SiC d) 20wt.%SiC sintered at 400ºC. 
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Figure 4.17 FESEM micrographs from Al-12Si-0.3Mg containing a) 5wt.% SiC sintered 
at 450ºC b) 12wt.%SiC c) 20wt.%SiC sintered at 500ºC. 
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4.2.5 Densification and Hardness of Spark Plasma Sintered Samples 
Mechanical properties are greatly affected by the sintering temperatures and applied load 
during pressure sintering. Table 4.2 show hardness value and densification at different 
sintering temperatures. It was observed that sample ID (1) as received monolithic 
aluminum alloy without SiC, as sintering temperature increases both hardness and 
percentage densification increases simultaneously. At sintering temperature of 500C, the 
Vickers‘ hardness is 63.13 and corresponding densification of 100%. Similar trend was 
observed with the addition of SiC but at evaluated temperatures (400, 450 and 500C), 
the values were as high as 98.6, 97.8 and 95.8 containing 5, 12 and 20wt%SiC 
respectively. Figure 4.18 shows the hardness and densification against sintering 
temperatures and obviously, an increase in the sintering temperatures changes both 
hardness and densification and found a linear increase in both graphs whereas; curves 
show different concentration of the SiC present in the aluminum metallic matrix.  
From the result, it was estimated that in case of 20wt.% SiC into Al- alloy matrix, the 
hardness and densification are not showing the proportionality trend because of higher 
fraction of SiC in the Al-matrix which leaves weak sintering at these sintering 
temperatures and similarly, densification by slowing down the sintering kinetics at 
particular temperatures (400, 450 and 500C). However, quiet good trend up to 12wt.% 
SiC with relation to hardness and density were observed. It also shows that as the 
sintering temperature is increasing the densification of the composite also increases.  
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Table 4.2 Shows the Hardness and Densification of the SPS Sintered Samples Containing 
0, 5, 12 and 20wt% SiC at Different Temperatures for Al-12Si-0.3Mg (Alloy 2). 
 
Sample ID SiC wt.% 
Densification (%) 
Temperature 
Vickers Hardness (HV) 
Temperature 
 
 
400C 450C 500C 400C 450C 500C 
1 0 93.90 98.10 100.00 46.70 63.13 67.91 
2 5 93.20 97.80 98.60 61.00 75.00 82.00 
3 12 92.80 97.40 97.80 65.00 80.00 85.00 
4 20 88.70 93.40 95.80 50.00 65.00 70.01 
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Figure 4.18 Show graphs for (a) densification and (b) hardness against sintering 
temperature for Al-12Si-0.3Mg with increasing SiC reinforcement. 
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4.3 Al-Alloy 1 (Al-7Si-0.3Mg) and 2 (Al-12Si-0.3Mg) Containing MWCNTs 
4.3.1 SEM Micrographs of Milled Powders 
Mixture of aluminum alloy-CNTs (both alloy 1 & 2 according to table 3.2 containing 0.5-
2.0wt.% CNTs) composite powders were prepared by 1, 3, and 5hrs of ball milling. 
Figure 4.19 presents secondary electron SEM micrographs, showing the effect on the 
morphology of Al-CNT powder for samples milled during 1, 3 and 5hrs.  
Figure 4.19 (a and e) shows the morphology of the as received aluminum powders (alloy 
1 and 2 respectively) and figure 4.19 (b and f) shows the powder mixture containing 
0.5wt% CNTs milled for 1hr for alloys 1 and 2 respectively, where segregation of CNTs 
were observed with agglomerations. Figure 4.19 (c and g) shows little different 
morphology than as received powder and shows transformation from spherical to more 
flattened particles because of 3hrs of ball milling and forming flake-like particles with 
CNTs more or less disappeared. At the later stage of ball milling, powder forms more 
flake-like surface of the particles. However, after 5hrs of milling, CNTs were observed 
on the surface of the flake-like particles (Figure 4.19 d and h). This can be suggested at 
this stage that the embedded CNTs in between the welded particles during 3hrs of ball 
milling appeared on the more flattened surface. SEM analysis revealed the presence of 
CNTs within the aluminum matrix. It can be seen that the CNTs appear intact after being 
subjected to the MA process. For the 0.5wt % CNT into the mixture, CNT clustering was 
observed after 1hr of milling, as shown in Figure 4.19 (b and f). This disappeared after 3 
hours when the CNTs became dispersed on the cold welded surface of the particles. With 
the re-welding of the aluminum particles after 3hrs under the impact of the balls, 
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individual CNTs were observed on the surface of aluminum particles (Figure 4.19 d and 
h). However, this may be evident of presence of CNTs embedded in the aluminum 
matrix. Figure 4.20 shows SEM micrographs for both alloys containing 2.0wt.% CNT 
milled for 1, 3 and 5hrs, similar trends were observed as to the figure 4.19 above. 
Comparatively, figure 4.20 shows more CNT agglomerations which is attributed to the 
more CNT content, this is evident from the figure 4.20 a and b showing the morphology 
as well as wide spread CNT agglomeration. Generally, short milling times show CNTs 
agglomeration but long milling times mix and disperse the CNTs into the aluminum 
matrix comparative better at the expense of cold welding of aluminum. It can be 
suggested that long milling times can be attributed to decrease in the issue of 
agglomeration. Figure 4.21 shows a typical EDS analysis for Al-12Si-0.3Mg containing 
0.5wt.% SiC milled for 3hrs where fluctuation of carbon content was observed which is 
attributed to the CNT agglomeration despite the low CNT weight percent. 
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Figure 4.19 SEM micrographs from; (a) as received alloy-1 (Al-7Si-0.3Mg), (b, c, d) 
alloy-1 containing 0.5wt% CNTs milled for 1, 3 and 5 hours respectively (e) as received 
alloy-2 (Al-12Si-0.3Mg) and (f, g, h) alloy-2 containing 0.5wt% CNTs milled for 1, 3 
and 5 hours respectively. 
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Figure 4.20 SEM micrographs from; (a, b, c) alloy-1 containing 2.0wt% CNTs milled for 
1, 3 and 5 hours respectively and (d, e, f) alloy-2 containing 2.0wt% CNTs milled for 1, 3 
and 5 hours respectively. 
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Figure 4.21 shows EDS Analysis for Al-12Si-0.3Mg containing 0.5wt.% CNT milled for 
3hrs. 
Processing option: All elements analyzed (Normalised in wt.%) 
Spectrum C Mg Al Si Total 
Spectrum 1 6.74 0.78 80.19 12.29 100.00 
Spectrum 2 1.56 0.47 82.93 15.04 100.00 
Spectrum 3 7.77 0.00 78.39 13.83 100.00 
Spectrum 4 3.52 0.40 80.26 15.81 100.00 
Spectrum 5 5.69 0.42 81.98 11.90 100.00 
Spectrum 6 2.92 0.52 83.34 13.22 100.00 
Spectrum 7 2.35 0.45 81.74 15.45 100.00 
Spectrum 8 4.14 0.51 81.24 14.12 100.00 
Max. 7.77 0.78 83.34 15.81  
Min. 1.56 0.00 78.39 11.90  
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4.3.2 X-Ray Diffractograms of Milled Al-MWCNTs Powder 
Figure 4.22 shows the XRD spectrums of the alloy (1 and 2) as received and milled 
powders at different milling times (1, 3 and 5hrs). It was observed in the both alloys that 
as the milling time increases diffraction peaks starts to decrease in the intensity and peak 
broadening was observed. It was more pronounced after 5hrs of milling. It was found that 
the position of the diffraction lines was shifted slightly different angles for longer milling 
times by comparing with as received sample and similar trends were observed in the both 
alloy systems. Additionally, the deformation taking place during milling accumulated 
lattice strain and reduced crystallite size (i.e., after 5 hours of milling the crystallite size 
was reduced from 513 nm in the reference sample (as received alloy 1) to 192 nm). Table 
4.3 and Table 4.4 shows the crystallite size and lattice stain calculated from alloy 1 and 2 
containing 0.5 and 2.0wt.% CNT respectively employing the Scherer equation and 
Williamson-Hall plot.  
From figures 4.23 and 4.24, the addition of CNT refined the structure and increased the 
percentage of strain. Increase in strain was observed at higher percentage of CNTs as 
well as reduced crystallite size. It was also observed from the XRD and calculated data in 
tables 4.3 and 4.4 which very much coincided with the data collected from the particle 
size analyzer. Figure 4.25 shows particles size distribution and it can be seen that low-
edge of the curve shows low frequency but particles size of 200nm. Figures 4.20 and 
4.21 SEM micrographs also reveal some traces of particles in the similar range as found 
by XRD.    
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Figure 4.22 XRD spectrums of the alloy 1(a) and 2 (b) of as received powder sample and 
different ball milling periods. 
 
 
 
 
 
 
 
 
99 
  
 
 
 
Table 4.3 Shows the Crystallite Size and Lattice Stain Calculated from Al-7Si-0.3Mg 
(Alloy 1). 
  
Al 1 + 0.5wt.% CNT Al 1 + 2.0wt.% CNT 
Milling time 
(hr) 
Crystallite size 
(nm) 
Strain 
(%) 
Crystallite size 
(nm) 
Strain 
(%) 
0 513.52 0.14 513.52 0.14 
1 385.12 0.26 375.00 0.29 
3 280.11 0.42 256.78 0.50 
5 192.58 0.60 154.06 0.70 
 
 
Table 4.4 Shows the Crystallite Size and Lattice Stain Calculated from Al-12Si-0.3Mg 
(Alloy 2). 
  Al 2 + 0.5 wt.% CNT Al 2 + 2.0 wt.% CNT 
Milling time 
(hr) 
Crystallite size 
(nm) 
Strain 
(%) 
Crystallite size 
(nm) 
Strain 
(%) 
0 513 0.14 513 0.14 
1 308 0.30 300 0.33 
3 230 0.42 225 0.47 
5 150 0.65 120 0.70 
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Figure 4.23 Graph showing estimation curve for crystallite size (a) and (b) accumulation 
of internal strain as milling progresses for Al-7Si-0.3Mg (alloy 1) containing 0.5 and 
2.0wt% CNT milled for 3hrs. 
 
101 
  
 
 
 
 
 
Figure 4.24 Graph showing estimation curve for crystallite size (a) and (b) accumulation 
of internal strain as milling progresses for Al-12Si-0.3Mg (alloy 2) containing 0.5 and 
2.0wt% CNT milled for 3hrs. 
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The particles distribution and effect of the milling time on the size reduction is indicated 
in figure 4.25. Graphs below shows that as the milling time increased from 1, 3 and to 5 
hours so the frequency of the distribution changed with the curves of the graph slightly 
shifted towards smaller size scale. It was found that average particle of alloy 1, was 33.72 
m from as received powder, and 19.99, 10.45 and 7.78m from 1, 3 and 5hrs milling 
time respectively. Relatively same drift was observed in the alloy 2, where average size 
of the as received powder was 24m and 18.44, 7.19, and 5.32m from 1, 3 and 5hrs 
milling time respectively. Analysis also shows in both alloys (Table 3.2; alloys 1 & 2) 
that particles sizes were as small as 250nm. Similar trend was observed during SEM 
imaging and analysis. As the milling time increases, the particle size decreases. However, 
short milling times show CNTs agglomeration but long milling times mix and disperse 
the CNTs into the aluminum matrix. This is suggested that long milling times can be 
attributed to decrease in the issue of agglomeration. 
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Figure 4.25 Shows (a) particles size distribution of Al-7Si-0.3Mg (alloy 1) (b) lower edge 
size distribution of graph (a) and (c) particles size distribution of Al-12Si-0.3Mg (alloy 2) 
with increasing milling time. 
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4.3.3 Optical Micrographs of Spark Plasma Sintered Samples 
Figures 4.26 and 4.27 below shows the optical micrographs from as received and Al-
alloy containing 0.5wt% CNT milled for 3hrs sintered at 500C temperature for alloys 1 
and 2 respectively and micrographs were captured at the magnification of 200X. It is 
evident that from the SP sintered samples at 500ºC that no porosities were observed 
which suggests that SPS sintering of such alloys at 500ºC is very much suitable and 
higher mechanical properties can be achieved. Samples sintered at a lower temperature 
such as 400ºC and 450ºC showed some porosities and reduced hardness and densification 
values as discussed in the coming sections. It was also observed that as- received sample 
showed spherical shapes whereas the reinforced sample showed elongated samples which 
can be attributed to the effect of the milling. 
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Figure 4.26 Shows optical micrographs from Al-7Si-0.3Mg containing (a) 0wt.%CNT 
(as-received alloy) (b) 0.5wt.%CNT sintered at 500ºC. 
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Figure 4.27 Shows optical micrographs from Al-12Si-0.3Mg containing (a) 0wt.%CNT 
(as-received alloy) (b) 0.5wt.%CNT sintered at 500ºC. 
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4.3.4 SEM Micrographs of Spark Plasma Sintered Samples 
Figures 4.28 and 4.29 shows the SEM micrograph from as received and Al-alloy 
containing 0.5wt% CNT milled for 3hrs sintered at 400ºC and 500C temperatures for 
alloys 1 and 2 respectively, as the temperature is increased the porosity decreased while 
hardness increased, approximately 5% porosity were observed in samples sintered at 
400ºC while 100% densifications were observed for 500ºC sintered samples. This is also 
evident from the light (optical) images above. 
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Figure 4.28 Shows FESEM micrographs from Al-7Si-0.3Mg (a) 0wt.%CNT (as-received 
alloy) (b) 0.5wt.%CNT sintered at 500ºC. 
 
  
Figure 4.29 Shows FESEM micrographs from Al-12Si-0.3Mg (a) 0wt.%CNT (as-
received alloy) (b) 0.5wt.%CNT sintered at 500ºC. 
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4.3.5 Densification and Hardness of Spark Plasma Sintered Samples 
The table below shows the hardness and densification of the SPS sintered samples 
containing 0 and 0.5wt% MWCNTs at different temperatures using a pressure of 35MPa, 
20mins holding time and a heating rate of 100ºC/min for both alloys 1 & 2. These 
samples were milled for 3hrs after sonication in alcohol for good dispersion of the CNTs 
into the matrix. From table 4.5, it was observed for both alloys that the hardness and 
densification increases as the sintering temperature increases with sintering temperature 
of 500ºC being the most suitable with 100% densification and highest hardness. The use 
of MWCNTs as reinforced has further increased the properties of the sintered samples 
recording higher hardness and densification than the monolithic as received Al-alloys. 
Alloy 2 showed a higher value of hardness which is attributed to the increased percentage 
of Si in the alloy. The graphs below show how the hardness and densifications increased 
with temperature and CNTs inclusions. These trends were substantiated using optical and 
FESEM micrographs.  
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Table 4.5 Shows the Hardness and Densification of the SP Sintered Samples Containing 
0-0.5wt% MWCNTs at Different Temperatures both Al- alloys 1 & 2. 
 
Sample ID 
 
Densification (%) 
Temperature 
Vickers Hardness (HV) 
Temperature 
 CNT wt.% 400C 450C 500C 400C 450C 500C 
Alloy 1 
0 94.90 99.30 100.00 41.29 57.29 63.34 
0.5 96.10 99.50 100.00 59.50 61.00 68.00 
Alloy 2 
0 93.90 98.10 100.00 46.70 63.13 67.91 
0.5 95.60 99.60 100.00 59.00 73.00 82.00 
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Figure 4.30 Show graphs of (a) densification and (b) hardness against sintering 
temperature for Al-7Si-0.3Mg (alloy 1) as a function of CNTs.  
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Figure 4.31 Show graphs of (a) densification and (b) hardness against sintering 
temperature for Al-12Si-0.3Mg (alloy 2) as a function of CNTs.  
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Chapter 5                                                                                                           
GENERAL DISCUSSIONS 
Pre-alloyed powders in micron size (Al-7Si-0.3Mg and Al-12Si-0.3Mg) were synthesized 
using mechanical alloying/milling technique reinforcing both with nano sized silicon 
carbide particulates (SiCp) and multiwall carbon nanotubes (MWCNTs) at different 
weight percentages and milled for different periods. Both alloys were milled for 1, 3 and 
5hrs using 0.5, 1, 1.5 and 2.0wt.% MWCNTs additionally, they were also milled for  5, 
12 and 20hrs using 5, 12 and 20wt.% SiCp maintaining ball-to-powder ratio of 10:1 in all 
the experiments under controlled Ar atmosphere with a 2wt% stearic acid to avoid excess 
cold welding. For Al/CNTs milling, sonication for 15mins was done to disperse the 
CNTs before wet milling. Characterization techniques such as XRD, SEM, EDS, 
Mapping were employed to characterize the milled powder where the crystallite sizes, 
accumulated strains as well as morphology and distribution of reinforcements were 
investigated. Furthermore,  spark plasma sintering (SPS), which is a novel technique, was 
used to sinter both alloys using the as-received and reinforced powders at sintering 
temperatures of 400, 450 and 500ºC, with 20mins holding time and a pressure of 35MPa 
with a heating rate of 100ºC/min and cooling to 30ºC within 10mins. Further 
characterization of sintered samples was done using optical and field emission 
microscopies after which mechanical characterizations were also evaluated; 
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microhardness and densification using microhardness machine and densimeter 
respectively. It is worth mentioning that in all milling, characterization, sintering and 
Vickers‘ hardness evaluations, all parameters were kept constant to provide an avenue for 
comparison between both as-received and reinforced alloys. Below are some of the 
observations/comparisons from the work. 
5.1 Powder Characterization 
5.1.1 SEM Micrographs 
Figures 4.1 and 4.10 shows the SEM images for Al-7Si-0.3Mg and Al-12Si-0.3Mg 
containing SiCp respectively where both as-received samples were showing spherical 
shapes with broad-sized distribution. At the early stages of milling, the resulting Al 
matrix was showing a higher aspect ratio after deformation with marked irregularity. As 
milling progressed the plastic deformation was more pronounced resulting in flake-like 
particles. It can also be seen for both alloys, that at a higher SiC concentration (of 
20%SiC) and extended milling times (of 20hrs) more equiaxed particles were formed 
which can be attributed to the excessive and repeated grinding. The increased milling 
time ensures that SiC particles are increasingly embedded into the matrix of the 
nanocomposite. During EDS and mapping analyses, no compositional fluctuation was 
depicted into the resulting powders. EDS and mapping analysis of Al-12Si-0.3Mg 
showed more percentages of Si than the other alloy which is naturally attributed to the 
addition 5% Si in the Al-12Si-0.3Mg. In comparison with published articles, N. Zhao et 
al., [36] reported the effect of mechanical alloying of 8vol.% SiC distribution and the 
properties of 6061 aluminum composite. They concluded that a relatively homogeneous 
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distribution of SiC could be obtained via MA technique after 5h. Similar work from K.D 
Woo and D.L Zhang [41] showed the same trend with increasing milling time during the 
fabrication of Al-7Si-0.4Mg with SiC nanocomposites. Similar observation was observed 
by Kamrani et al., [38] where they studied the morphological changes and microstructural 
evolution occurred during mechanical alloying of aluminum and micro size SiC and also 
investigated the influence of particle size as milling time progressed. They found that 
with increasing volume fraction of n-SiC, a finer composite powder with more uniform 
particle size distribution was obtained. The morphology of the particles also became 
more equiaxed at shorter milling times. In another paper by Z. Hesabi et al., [86] they 
studied the effect of nanoscaled reinforcement particles on the structural evolution of 
aluminum powder during mechanical milling, aluminum powder of 49µm and SiC of 
50nm were milled and they reported that irregular shaped particle with high aspect ratio 
was observed at the early stages of milling and as they milling progressed the 
morphology of the particles changed from the irregular to an equiaxed shape. From their 
SEM study, they suggested that severe plastic deformation occurred which resulted in 
flakelike grains and this has been noticed as the milling progressed. They concluded that 
with increasing the milling time results in microwelding and fracture of the work 
hardened particles which leads to the distribution of nanoclusters throughout the matrix. 
J.K Rana et al.,[51] showed similar trends. K.S. Foo et al., [87] also investigated the 
interface characterization of SiCp/Al6061 alloy composite and they showed from EDX 
and electron energy loss spectroscopy (EELS) that intermetallic compounds such as 
Mg2Si and FeSiAl5 were found at the SiC/Al6061 interface.   
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Figure 4.19 and 4.20 shows the SEM images for both alloys containing MWCNTs where 
the same trend was observed for the change of spherical as received powders to the flake 
like shapes after the milling progressed. In both alloys at higher percentage of CNTs i.e 
2wt%, clustering of CNTs was observed after 1hr of milling which further disappeared 
after 3 and 5hrs of milling and the CNTs were significantly dispersed into the Al-Matrix 
though some agglomerations were also observed. Comparatively, no differences were 
observed in both alloys on to the distribution of the CNTs. Similar studies on the 
dispersion and strengthening effect  of MWCNT/ Al-matrix were made by L. Wang et al., 
[8], R. B Srinivasa and A. Agrawal [9], A.M.K Morsi et al., [18, 21, 23, 29], H. Kwon et 
al., [52, 53], R. George et al., [75], D. Poirier et al., [90] and some of their conclusions 
were; 
 Ball milling technique is an efficient technique in dispersing CNTs in Al matrix.  
 The use of the curly small-diameter multi-walled carbon nanotubes (MWCNTs) 
in the MA prevented the agglomeration of composite powders, which is attributed 
to the beneficial role of the MWCNTs as grinding aids. 
 After 30mins of milling, Al Particles were flattened with agglomeration of CNTs 
but as the milling progressed to 2h, Al particle shape were sheet-like and more 
equiaxed after 5hrs of milling with significant dispersion of the CNTs at high 
magnification. 
 Despite the high aspect ratio of the CNTs, dispersing CNTs greater than 2.0wt% 
is difficult which affect the mechanical properties of the composite. This trend is 
similar to what we observed in our work.   
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 Sizes of CNTs and Al powders would allow fine-grinding of composite particles 
with uniformly distributed CNT reinforcements 
 No other phases were observed after the ball milling for different periods. 
5.1.2 X-Ray Diffractograms 
Figures 4.3 and 4.12 shows the X-Ray Diffractograms for both Al-7Si-0.3Mg and Al-
12Si-0.3Mg reinforced with SiC at different milling times and different weight 
concentrations of grinding medium (reinforcement), following the MA/MM process in 
which severe plastic deformation occurs into the powders; continuous reduction in 
crystallite size and increased accumulate internal strains were observed in both Al alloys 
with SiC, this trend is proportional to the milling time as calculated using the Scherer 
equation and Williamsons-Hall plot of the first three aluminum peaks. In both alloys, 
broadening of the peaks was observed with increasing SiC (5, 12 and 20wt.%) 
concentration and increasing milling time from 5, 12 to 20hrs. Crystallite size reduction 
and accumulated strains were observed more for Al-12Si-0.3Mg containing SiC which 
may be attributed to the increased Si concentration compared to the Al-7Si-0.Mg; this is 
evident in figures 4.4 and 4.13. Similar XRD observations were observed by S. Kamrani 
et al., [38], Y. Saberi et al., [39] and Z. Hesabi et al., [86] where they employed the 
Scherer equation and Williamson-Hall plot to quantify crystallite size as the milling 
progressed. They reported that the crystallite size of the aluminum matrix decreases with 
increasing reinforcement content while the lattice strain changes marginally which they 
attributed to the increased plastic deformation during milling.  Z. Hesabi et al., [86] also 
used a particle analyzer and similar results were observed. J.K Rana et al.,[51] also used 
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the single peak approximation method to quantify the crystallite size and lattice strain and 
they reported a similar trend. 
Figure 4.22 shows the X-Ray Diffractograms for both Al-7Si-0.3Mg and Al-12Si-0.3Mg 
reinforced with MWCNTs, similar trends were observed in terms of reduction in 
crystallite size and increased accumulate internal strains as the time and MWCNTs 
percentage increases. Reports from [38, 39, 52, 53, 75, 86, 90] showed that as the milling 
progressed, there was crystallite size reduction and increase lattice strains which we 
found in our present work by employing the Scherer equation and Williamson-Hall plot.  
5.2 Sintering Behavior 
From the light optical and SEM micrographs for samples containing SiC for both alloys, 
little porosities were observed at 400ºC temperature compared to higher temperatures of 
450 to 500ºC; a densification of over 98% was observed which suggests that 500ºC 
temperature was suitable for both alloys in addition to a pressure of 35MPa. At the 
micrograph level, no differences were noticed between the two alloys. 
Furthermore, both the as-received and (0 and 0.5 wt.%) CNT reinforced alloys showed an 
increase in densification as the temperature was increased and a 100% densification was 
obtained for both alloys at 500ºC, suggesting the suitability of sintering at such 
temperature as shown in table 4.5. This is evident from the light optical and SEM 
micrographs of 4.26, 4.27, 4.28 and 4.29 respectively. 
Comparatively, using the 0.5wt.% gave more densification values than the SiC-reinforced 
samples. This may be attributed to the lower content of CNT than the SiC content used 
for both alloys. 
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5.3 Mechanical Behavior (Hardness) 
The mechanical behaviors are greatly affected by the reinforcement content, milling 
periods and sintering parameters as well. Tables 4.1, 4.2 and 4.5 showed the properties of 
the sintered samples for different temperatures and weight percent reinforcements, it can 
be seen that as the temperature is increased, so the densification and Vickers‘s hardness 
values increased. For SiC reinforced alloys, the hardness increased significantly with SiC 
content up to 12wt.% after which a little decrease was observed at 20wt.% SiC which 
might be attributed to the lack of good sintering. For CNTs reinforced alloys, the same 
trends were observed.  
Comparatively, alloy containing higher percent of Si in its alloying elements showed 
better hardness values for both types of reinforcements. The tables 5.1 and 5.2 below 
summarize the increase in hardness value as a function of SiC and CNT incorporation 
respectively as compared to the monolithic alloys at the sintered temperatures. 
J.K Rana et al.,[51], K.S.Foo et al., [87],T. Schubert et al., [88], M Sherif [89],   
fabricated Al/SiC using mechanical alloying/milling and spark plasma sintering 
techniques. Below are some of the findings which were similar to the present work; 
 High densifications were observed at high temperatures of 450ºC and above with 
less than 1% porosity. 
 As received samples showed cellular structures and homogenous distribution of 
SiC was observed in reinforced samples via SEM and optical micrographs. 
 X-ray diffraction analysis showed no forming of reactive product Al4C3 during 
the sintering process. 
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 Minimal grain growth was observed. 
 Hardness, density and elastic moduli increases with increase in SiC content up to 
15wt.% and sintering temperature. , 
From the literature, SPS technique was also employed to consolidate Al-CNT matrix and 
the following observations were reported. 
 Densifications greater than 98% were achieved as compared to 100% from our 
present work at high sintering temperature.  
 Increase in Vickers hardness as a result of CNT incorporation though 
strengthening is highest for CNT content less than 2 vol.% [9]. This is in 
accordance with an abrupt increase at 0.5wt.% CNT from our work and the 
difficulty of compacting at 2.0wt.%CNT. 
 The formation of carbide (Al4C3) was observed as a result of reaction between the 
Al and amorphous carbon or the region of the graphite sheet on the CNTs [50, 52, 
90]. 
NB: It is worth mentioning that our pre-alloyed powder Al-12Si-0.3Mg is not found in 
the literature as generally ‗aluminum alloy‘ term is used frequently in the reviewed 
articles.  
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Table 5.1 shows increase in hardness value relative to as received monolithic alloys 1 & 2 
corresponding to the sintering temperature with increase in SiC content. 
  
Sintering Temperature ºC 
  
400 450 500 
Alloy wt.%SiC % increase % increase % increase 
Al-7Si-0.3Mg 
5 40.0 15.5 11.7 
12 50.2 23.0 18.1 
20 16.3 10.5 8.3 
Al-12Si-0.3Mg 
5 30.1 18.8 20.7 
12 39.2 26.7 25.2 
20 7.1 3.0 3.1 
 
 
Table 5.2 shows increase in hardness value relative to as received monolithic alloys 1 & 2 
corresponding to the sintering temperature CNT incorporation. 
  
Sintering Temperature ºC 
  
400 450 500 
Alloy wt.%MWCNT % increase % increase % increase 
Al-7Si-0.3Mg 0.5 44.1 6.5 7.4 
Al-12Si-0.3Mg 0.5 26.3 15.6 20.8 
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5.4 Recommended Material 
From the results and discussions, both alloys showed improved characteristics over the as 
received monolithic alloys as a result of addition of MWCNTs and SiC and it can be 
deduced that the alloy with 5% more of Si has shown further superior mechanical 
behaviors than the Al-7Si-0.3Mg under the same milling and sintering conditions used, 
this is true for both CNT and SiC reinforced systems.    
For the same application, Al-12Si-0.3Mg alloy should be considered for usage with the 
following optimized conditions. 
 Addition of 12wt.% SiC with 20hrs ball milling. 
 Addition of 0.5wt.% MWCNTs with 3hrs of ball milling after sonication in ethyl 
alcohol. 
 500ºC sintering temperature with 20mins holding time and a pressure of 35MPa.  
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Chapter 6                                                                                                  
CONCLUSIONS AND RECOMMENDATIONS 
6.1 Conclusions 
Pre-alloyed Al matrix composites reinforced with nanosized SiC and MWCNTs were 
synthesized using ball milling technique and sintered using non-conventional method i.e 
spark plasma sintering (SPS) at 400, 450 and 500ºC sintering temperature, 20mins 
holding time and applied pressure of 35MPa. The effect of variable milling time and 
secondary phases‘ concentration on the resulting phase evolution and morphology were 
elucidated as well as the effect of sintering parameters on the microstructure, 
densification and hardness. The following specific conclusions can be drawn:  
 A good distribution of SiC reinforcement in both the pre-alloyed powders was 
obtained by employing ball milling technique and from the EDS analyses no 
compositional fluctuations were observed. This trend was similar for both alloys.  
 MWCNTs can be reasonably dispersed into the metal matrix after sonication in 
ethyl alcohol or methanol, but, agglomeration of the CNTs is almost unavoidable 
with a similar trend for both alloys. 
 As milling progressed with increased wt.% reinforcement, there was a continuous 
reduction in crystallite size and accumulation of lattice plastic strain. After 20hrs 
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milling time, the crystallite size of Al-alloy reached a value around 70-80 nm for 
Al-7Si-0.3Mg (alloy-1) containing 20wt.%SiC and this addition induced more 
than double the amount of internal strain of about 1% into the alloy matrix. A 
related trend was observed for SiC reinforced Al-12Si-0.3Mg (alloy-2). 
 Increasing content of MWCNTs from 0.5 to 2.0wt.% into both prealloyed powder 
and increasing the milling time, resulted in similar reduction in crystallite size and 
accumulation of internal strain; at 0hr for Al-7Si-0.3Mg with 2.0wt.%CNT, the 
size and strain were 513nm and 0.14% respectively and at 5hrs of ball milling the 
values were 154nm and 0.7% respectively. A parallel behavior was observed for 
the other alloy. 
 100% densification and fine microstructures were obtained using spark plasma 
sintering technique at temperature of 500ºC for both alloys. As received samples 
showed 100% densification for both alloys and above 98% for the reinforced 
samples at 500ºC. 
 High hardness values were obtained with increase in the amount of reinforcement; 
i.e from 0, 5 to 12wt.%SiC and up to 0.5wt%CNT sintered at 500ºC. A Vickers‘ 
hardness value from 68 to 82 and to 85 was measured with alloy 2 containing 0, 5 
and 12wt.% SiC respectively at and a value of 68 to 80 with the incorporation of 
0.5wt.% CNT. A related trend was also observed for alloy-1 containing similar 
wt.% of reinforcements. 
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6.2 Recommendations 
Based on the wide scope of such experiments from applications points of view the 
following recommendations are paramount in any future work using these techniques. 
 More efficient techniques should be investigated for a better dispersion CNTs into 
MMCs where agglomeration is still an issue. 
 Compressive and tensile properties should be investigated to further characterize 
the composites‘ mechanical behavior. 
 Tribological property investigation would be useful as these composites are for 
structural applications were tribological behaviors are paramount. 
 Computer simulations would be also useful to predict the morphology and 
properties of the milled and sintered sample respectively.  
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